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Abstract 
The growing need for suitable water resources has attracted attention to new 
water and wastewater treatment processes, such as membrane filtration. Due to the 
excellent properties of poly(vinylidene fluoride) (PVDF) polymer and membranes, such 
as excellent chemical and thermal resistance along with great mechanical strength, the 
PVDF membrane is a suitable candidate for the water and wastewater industry. As a 
result, there have been many attempts to improve the performance of PVDF membranes, 
particularly in terms of water flux and fouling resistance, in order to increase the 
membrane’s lifespan and reduce operating costs. This thesis explores such PVDF 
membrane performance improvements through hydrophilic modification of the bulk 
membrane. In this study, the recently developed process of atom transfer radical 
polymerisation (ATRP) was used to graft hydrophilic chains of poly(ethylene glycol) 
methyl ether methacrylate (POEM) onto the backbone of the PVDF polymer to 
synthesise an amphiphilic copolymer (PVDF-g-POEM). A new, environmentally-
friendly and cost-effective method was introduced to purify the synthesised amphiphilic 
copolymer by using water instead of volatile solvents. The amphiphilic copolymer was 
used as a blend in the spinning dope and the effect of blending this amphiphilic 
copolymer on the prepared hollow fibres was studied in detail. A wide range of 
hydrophilic PVDF based hollow fibres was achieved by changing the spinning 
parameters and dope compositions. Moreover, nano-sized γ-Al2O3 particles were used as 
an additive to improve PVDF flat sheet membranes. By using alumina particles, the 
filtration performance, surface hydrophilicity and fouling resistance of membranes 
improved significantly. In addition, by using triethyl phosphate (TEP) as the solvent, 
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PVDF hollow fibre membranes with interconnected pore structures were produced via a 
single step immersion precipitation technique. The resultant PVDF hollow fibre 
membranes displayed excellent mechanical properties because of their macro-void free 
structures. Polyethylene glycol (PEG) was used as an additive to improve the water flux 
of the produced membranes and PVDF hollow-fibre membranes suitable for water and 
wastewater treatments in the range of ultrafiltration were obtained.  
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CHAPTER 1 Introduction 
1.1 Background 
The growing problems of water shortage, access to safe and clean water, and the 
need to treat wastewater before discharging it into the environment have forced scientists to 
look for new, inexpensive technologies to either replace or work alongside conventional 
methods to improve the quality of treated water. The use of membranes in the water and 
wastewater treatment industry began in the 1960s when the first commercial membrane was 
produced after the invention of the phase inversion process [1]. Developments in membrane 
fabrication and the implications of this for the fields of reverse osmosis (RO), microfiltration 
(MF), ultrafiltration (UF) and nanofiltration (NF) accelerated to the point where membranes 
were used for water and wastewater treatment in municipal drinking water, paint, metal 
plating and wire drawing industries [2-3].  
Membrane fabrication from 130 different materials has been reported; however, 
only a few of them are currently used for commercial membrane production, such as 
polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), polysulfone (PS), 
polyethersulfone (PESf), polypropylene (PP) and polytetrafluoroethylene (PTFE). Due to 
the excellent properties of PVDF, including chemical and heat resistance, and mechanical 
strength, it has been used as a polymer to produce symmetric and asymmetric membranes. 
Moreover, PVDF polymers can be dissolved in common organic solvents, such as 
dimethylacetamide (DMAc), N-Methyl-2-pyrrolidone (NMP) and triethyl phosphate (TEP), 
and as a result PVDF membranes can be produced via the inexpensive immersion 
precipitation techniques [4]. From this, several studies have been performed to improve the 
properties and performance of PVDF membranes [5-11]. 
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Despite the stated advantages, PVDF membranes cause a significant flux decline 
in water and wastewater applications, mainly due to its hydrophobic nature, which causes 
fouling and a decrease in membrane efficiency [12-13]. Subsequently, many investigations 
have been undertaken to improve the hydrophilicity and fouling resistance of PVDF 
membranes, including the use of additives [14-17] and amphiphilic polymer blends [18-19], 
as well as surface modification of the membrane [20-23]. 
1.2 Thesis objectives 
The objective of this thesis is to investigate the fabrication of PVDF membranes 
with improved hydrophilicity, water permeability and fouling resistance by using either 
organic and inorganic additives or amphiphilic graft copolymers. In this study, an 
amphiphilic copolymer with a PVDF backbone and hydrophilic side chains of POEM was 
synthesised and purified, then used as a blend in a PVDF/DMAc spinning solution to 
produce hydrophilic PVDF hollow-fibre membranes, before studying the effects of the 
addition of this copolymer on the properties and performance of the prepared hollow fibres. 
Nano-sized γ-Al2O3 particles were incorporated into the PVDF membranes as an additive 
during the casting solution preparation. According to the proposed mechanism, the process 
was completed to allow the alumina particles to chemically bond onto the PVDF chains, 
before studying the effect thereof on the obtained PVDF membranes. 
In order to produce macro-void PVDF hollow fibres, TEP, which is known as a 
relatively weak solvent for PVDF, was used and PVDF hollow fibres from the PVDF/TEP 
solution were produced under a highly controlled phase separation. To improve the water 
permeation of the hollow fibres, PEG with different molecular weights was used as an 
additive to the spinning dope solution and the effects of the spinning parameters and 
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different dope compositions on the obtained hollow fibres were investigated. The specific 
objectives of this thesis are: 
1.2.1 Synthesis and purification of amphiphilic copolymer PVDF-g-POEM 
1) To synthesise amphiphilic copolymer PVDF-g-POEM using ATRP. 
2) To introduce a new, simpler and more cost-effective purification method, including 
using water instead of volatile solvents. 
3) To characterise the purified copolymer and study the effect of the addition of the 
copolymer into the spinning dope solution. 
4) To prepare hydrophilic PVDF hollow-fibre membranes from the 
PVDF/copolymer/DMAc solution. 
5) To study the effect of blending amphiphilic copolymer on the prepared hollow fibres.  
6) To study the effect of the air gap on the hydrophilicity and performance of the produced 
hollow-fibre membranes. 
1.2.2 Effects of spinning parameters on hydrophilic PVDF hollow fibres with 
low content of PVDF-g-POEM 
1) To study the effect of the spinning parameters, such as extrusion rate and internal 
coagulant composition, on the PVDF/PVDF-g-POEM/DMAc spinning dope solutions. 
2) To study the effect of the different spinning dope composition with low contents of 
amphiphilic copolymer on the produced hydrophilic hollow fibres. 
3) To study the effect of blending high amounts of copolymer with the spinning dope 
solution. 
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4) To study the effect of the addition of high amounts of amphiphilic copolymer on the 
properties and performance of the PVDF hollow fibres. 
5) To fabricate hollow fibres from the pure copolymer and investigate the morphology and 
performance of the resultant hollow fibres. 
1.2.3  Preparation and characterisation of PVDF ultrafiltration membrane 
using nano γ-Al2O3 particles as an additive 
1) To chemically graft basic γ-Al2O3 on the PVDF chains.  
2) To fabricate a flat-sheet membrane from the γ-Al2O3-grafted PVDF solution. 
3) To characterise and investigate the effect of the addition of γ-Al2O3 particles on the 
resultant membranes. 
1.2.4 Fabrication of PVDF hollow fibre membranes with an interconnected 
bicontinuous structure  
1) To prepare PVDF/TEP solutions and study the effect of temperature. 
2) To fabricate PVDF hollow-fibre membranes with bicontinuous interconnected pore 
structures from PVDF/TEP solutions through a single-step immersion precipitation 
technique. 
3) To improve the hydrophilicity and water permeation of the membrane using PEG as an 
additive. 
4) To characterise the resultant membranes. 
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1.3 Thesis structure and organisation 
This thesis includes six main chapters. Chapter 1 contains an overview of the 
whole thesis and the objectives. Chapter 2 is a literature review and includes a brief 
definition, as well as the fundamentals of membranes and a review of the properties of the 
PVDF polymer and membranes in more detail. It also includes a review of PVDF membrane 
production methods, specifically immersion precipitation techniques and the parameters 
affecting membrane formation using this technique, as well as the modification of the PVDF 
membrane using different methods. Chapter 3 describes the synthesis of an amphiphilic 
copolymer PVDF-g-POEM via the ATRP method and purification of the synthesised 
copolymer with a new suggested method, as well as the advantages thereof over previous 
methods, such as using water instead of volatile solvents, and a shortening of the procedure. 
Moreover, this chapter includes the characterisations of the purified copolymer and the 
hollow fibres spun from blending the copolymer with the spinning dope solution. The effects 
of the spinning parameters, such as air gap length, extrusion rate, internal coagulant 
composition and dope composition, on the resultant hollow fibre membranes are also studied 
in detail. Chapter 4 explains a suggested new method of chemically grafting alumina 
particles onto the PVDF chains and the effect thereof in improving hydrophilicity and the 
fouling resistance of the prepared flat sheet membrane. Chapter 5 describes the preparation 
of PVDF hollow fibre membranes with a macrovoid free bicontinuous interconnected 
structures by using TEP as the solvent, and the excellent mechanical properties of these 
hollow fibres. It also contains analysis of the effect of using PEG as an additive in the 
enhancement of water permeation of spun hollow fibres. Chapter 6 summarises the 
conclusions of the study and offers suggestions for future research. 
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CHAPTER 2 Literature review 
2.1 Introduction 
The issue of water shortage likely to become critical in the 21
st
 century. The U.S. 
Geological Survey, published in 2009, suggested that although two-thirds of the earth’s 
surface is covered by water, 97% of this is of no use to humans and animals (except marine 
animals) due to the amount of salt in the water. The remaining 3% of fresh water is mainly 
captured in glaciers and less than 0.01% is readily available for use. The distribution of the 
earth’s water is illustrated in Figure 2.1.  
 
Figure 2.1. Distribution of water on earth (U.S. Geological Survey, 2009) 
According to the World Health Organization (WHO), water shortages influence 
more than 40% of the global population politically, economically and climatologically. In 
addition, over 25% of the world’s population suffers from health and hygiene problems due 
to poor-quality water. The world’s rapid evolution has increased the need for water in every 
sector and the continual production of large quantities of wastewater has generated the 
opinion that this should be considered an alternative water resource. However, reusing 
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wastewater can put public health at risk so that specific quality levels are necessary [1]. 
Since effluents from such treatments continue to contain a number of pathogenic micro-
organisms, conventional treatments usually do not achieve even the minimum quality 
standards [2]. Consequently, there is a need for tertiary treatments, such as water 
disinfection technologies. The development of new technologies has extended the 
possibilities of wastewater reuse [3], which may now be applied to agriculture at all levels, 
as well as irrigating and maintaining of sports grounds, urban and industrial uses, aquifer 
recharge, etc. At the same time, since the quality of water to be reused has become crucial, 
tertiary treatments have in turn become increasingly sophisticated as they endeavour to reach 
these high quality standards [1]. 
There are various wastewater treatment technologies that are capable of producing 
effluents of the highest quality standards. However, some of these treatments create 
additional problems, such as increasing the presence of residual disinfectant concentrations 
or the formation of disinfection by-products [4]. These drawbacks limit the application of 
chemical disinfection technologies and as a result, there has been an increase in physical 
disinfection technologies, principally membrane technology. 
Wastewater treatment by membrane technology has increased significantly in 
recent decades. In the past, this technology was previously considered unsuitable owing 
principally to the high costs involved. However, as a result of the demand for wastewater 
reuse and increasingly stringent norms, the use of membrane technology is now considered 
more viable [5].  
Among the various membrane systems, microfiltration (MF) and ultrafiltration 
(UF) have been extensively studied for applications in wastewater disinfection treatments 
[6]. Both methods have proved efficient with regards to the total retention of parasites and 
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bacteria but only ultrafiltration retains viral particles [7]. Ultrafiltration membrane 
separation has become an indispensable technique in water treatment processes in recent 
decades because, it offers a useful tool for relatively modest capital and operation costs. 
Moreover, the development of wastewater treatments and recycling technologies has been 
carried out worldwide and successful examples confirm the significance of UF separation, in 
which the UF membrane provides high quality water for various reuse purposes [8]. In 
addition to their disinfectant capacity, membrane technologies do not have the problem of 
resistance by target micro-organisms, while the physicochemical quality of the water is 
improved since the system acts as a physical barrier to particulate materials [9]. 
Ultrafiltration can remove the finest particles found in water supplies, with the removal 
rating dependent on the pore size of the membrane’s active layer. 
However, membrane technologies also have certain operational drawbacks. 
Frequent backwashing is required to avoid system clogging and periodic chemical cleansing 
is necessary to eliminate materials that build up irreversibly on the membrane and cause 
fouling, which in turn affects water flow and trans-membrane pressure. However these 
problems may be minimised through the application of pre-treatments such as granular 
filtration [10]. 
2.2 The literature review  
2.2.1 Membrane definition 
A “membrane” can be defined as a selective barrier between two phases, the term 
“selective” being inherent to a membrane or membrane process [11]. “Membrane filtration” 
is a term used to describe the removal of particulates from a feed stream. The membrane is 
the most important part of the membrane filtration process, a perm-selective barrier or 
interface between two phases. The process of transport through the membrane can be driven 
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by differences in concentration, pressure and temperature or by an electrical field [11, 12]. 
Therefore, there are different membrane filtration processes based on the different driving 
forces mentioned above. If a pressure difference is applied as the driving force, the filtration 
will be microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO) 
or gas separation (GS). If a concentration difference is used, the filtration process will be 
termed pervaporation (PV) and dialysis (D) and in electro-dialysis, an electrical field is 
applied as the driving force. Table 2.1 summarises a short definition of each membrane 
separation process. Figure 2.2 shows the filtration spectrum and Figure 2.3 presents a 
schematic representation of the nominal pore size and theoretical model for the principal 
membrane separation processes.  
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Table 2.1. Definition of different membrane separation processes [11] 
 
 
.
Filtration Process Description 
Reverse Osmosis Reverse osmosis is a pressure driven process in which separation 
is achieved through the different solubility and diffusion rates of 
water (solvent) and the solutes in water. Solutes are partially or 
completely retained whereas the solvent passes through the 
membrane. RO is commonly used in seawater desalination 
wastewater treatment and ultrapure water production.  
Nanofiltration Nanofiltration is a separation process achieved through a 
combination of charge rejection, solubility diffusion and sieving 
through micropores. 
Ultrafiltration The principle that governs ultrafiltration is the same as for reverse 
osmosis except ultrafiltration membranes have a larger pore size 
(mesopores). 
Microfiltration Microfiltration is also a pressure driven process whereby the 
separation is achieved through sieving through macropores. 
Dialysis Dialysis is a diffusion process whereby substances are separated 
in the solution by unequal diffusion rates through the porous 
membrane. They are commonly used in artificial kidneys. 
Pervaporation This is a separation process whereby two different phases are 
separated by a membrane. The liquid mixture is in direct contact 
with one side of the membrane while the other side is in contact 
with a vapour. The permeate is removed across the membrane 
from a liquid to a vapour state. 
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Figure 2.2. The filtration spectrum [13, 14]
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2.2.2 Different membrane classifications 
Since there is a wide range of membranes, there can be different classifications 
based on chemical and physical differences, such as the materials from which the membrane 
is made, structure and the method of preparation.  
 
 
Figure 2.3. Schematic representation of the nominal pore size for different types of membrane filtration 
[15] 
2.2.2.1 Membrane material 
Membranes can be divided into two main categories, synthetic and biological. 
Synthetic membranes can be also categorised as organic (polymeric) or inorganic 
membranes. The production of organic (polymeric) membranes is relatively cheaper than 
inorganic ones and high temperatures are not needed in production process. 
2.2.2.2 Membrane structure 
Based on the structure or morphology, there are symmetric (homogeneous) and 
asymmetric (heterogeneous) membranes. A homogenous structure exists across the 
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thickness of a symmetric membrane, which can be either porous or nonporous (dense); 
whereas, an asymmetric membrane has a non-uniform and heterogeneous structure. An 
asymmetric membrane contains a porous supporting layer with a thin, dense layer on the 
surface. If the thin, dense layer and supporting layer are composed of different materials, 
this type of asymmetric membrane becomes a composite membrane [11]. Figure 2.4 
illustrates the different types of membranes based on their structural differences. 
 
 
Figure 2.4. Different types of membranes based on morphological differences [16] 
2.2.2.3 Membrane configuration 
Membranes can also be classified based on their configurations, such as flat sheet 
or tubular. The module used for each configuration also differs. Flat sheet membranes are 
used in plate-and-frame and spiral wound modules while tubular membranes are used in 
hollow fibre, capillary and tubular modules. Hollow fibre not only has the largest membrane 
surface area per unit volume [11], but it can also be used as a self-supporting tube with no 
separate support and it is possible for hollow fibres to be back-flushed; therefore, improving 
filtration flux. 
Membranes 
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2.2.3 Membrane filtration process 
There are two ways in which membrane filtration can be operated: dead-end and 
cross-flow. Dead-end is the arrangement whereby the flow is forced directly through the 
membrane. In this configuration, the build-up of solids or large particles may remain on the 
surface and block the pores so that flux would decrease over time. Therefore, this method 
requires ongoing maintenance whereby the membrane must be cleaned regularly to obtain a 
constant flux. On the other hand, in cross-flow configuration, the flow travels perpendicular 
to the transfer through the membrane. This method requires a higher feed pressure in 
comparison to the dead-end method; however, the flux decline is relatively lower. Figure 2.5 
illustrates the different membrane processes. 
 
 
 
Figure 2.5: Schematic view of (a) dead-end and cross-flow processes for flat sheet membranes and (b) 
cross flow process for hollow fibre membranes (http://www.spectrumlabs.com/filtration/Edge.htm) 
(a) 
(b) 
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2.2.4 Production of membranes 
By selecting the correct membrane production method by which the membrane is 
produced, a suitable membrane with the required properties for a specific separation process 
can be obtained. Various methods of membrane production are available e.g. phase 
inversion, sintering, stretching and track etching [11]. 
2.2.5 Polymeric membrane materials 
There is a wide range of polymers used for membrane separation processes and 
each one has its own unique properties, advantages and disadvantages and each one is 
therefore, suitable for specific purposes. Some of the polymers conventionally used as 
membrane materials are: poly(vinylidene fluoride) (PVDF), polypropylene (PP), 
polyethylene (PE), polyacrylonitrile (PAN), polysulfone (PS), polyethersulfone (PESf), 
polypropylene (PP), polyimide (PI) and polytetrafluoroethylene (PTFE).  
2.2.6 PVDF as membrane material 
Of these materials, PVDF has many advantages, making it suitable for producing 
symmetric and asymmetric membranes. Figure 2.6 shows the chemical structure of the 
PVDF polymer. PVDF has a semi-crystalline structure with 59.4 wt.% fluorine and 3 wt.% 
hydrogen [17]. This means that there are both crystalline and amorphous phases in its 
structure. The degree of PVDF crystallinity varies from 35% to 70% [18, 19]. The 
crystalline phase creates suitable thermal stability whereas the amorphous phase provides 
suitable membrane flexibility.  
 
 
 
  
 
 
Figure 2.6. Chemical structure of the PVDF polymer 
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The thermal properties of PVDF, PP, PE, PTFE, PS, PESf and PI in terms of 
melting temperature, glass transition temperature, thermal stability (1% mass loss in air) and 
linear thermal expansion coefficient are summarised in Table 2.2 [20].  
Table 2.2. Thermal stabilities of PVDF compared to various polymers [20] 
 
Thermal stability PVDF PP PE PTFE PS PESf PI 
Tma (°C) 140-170 130-170 118-146 310-385  340-390 350-390 
Tgb (°C) -41/-38 2.0/10 -118/ -127  185 225 120/370 
Thermal stabilityc (°C) 375     400  
αd (10-6/°C) 50-103 or 120-140 140-180  14-250 28.8-103 55 55 
a
: Melting temperature, 
b
: Glass transition temperature, 
c
: 1% mass loss in air and 
d
: Linear 
thermal expansion coefficient  
Furthermore, PVDF shows excellent resistance to most chemicals – including 
corrosive materials such as oxidants, inorganic acids (except fuming acid), halogens; 
aromatic, aliphatic and chlorinated solvents – which makes it a superior material for 
membrane production compared to PAN, PS and PESf [21-23]. However, PVDF does not 
show resistance to strong base solutions or to esters and ketones [20, 24-26].  
Besides, in comparison to crystalline polymers such as PP and PTFE, PVDF is 
more easily dissolved in many common organic solvents, such as dimethylformamide 
(DMF), dimethylacetamide (DMAc), N-methyl-pyrrolidinone (NMP) and triethyl phosphate 
(TEP). PVDF membranes can also be easily produced by the immersion precipitation phase 
inversion, resulting in an asymmetric membrane [27]. 
As described above, PVDF has many advantages that make it an outstanding 
material in membrane processes for various waste treatment applications including 
pervaporation (water/organic separation) [28, 29], membrane distillation [30, 31], odour and 
gas removal [32-34], volatile organic compounds (VOCs) separation [35], oil/water 
separation, solvent recovery [36] and ultrafiltration [37].  
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Despite the advantages mentioned above, PVDF membranes suffer from a 
significant flux decline in the application of ultrafiltration, which is mainly due to the PVDF 
hydrophobic nature causing fouling. 
2.2.7 PVDF membrane preparation 
The preparation of PVDF membranes began in the early 1980s [38-40]. PVDF 
membranes can be produced with different methods, i.e. phase inversion, sintering and track 
etching. Due to the simplicity of the procedure and low production costs, phase inversion is 
the most common method for producing PVDF membranes on industrial scales [39, 41-46].  
2.2.8 Phase inversion 
Phase inversion is defined as a process in which a homogeneous liquid polymer 
solution is transformed to a solid state under controlled conditions [11]. The initial stage of 
phase inversion has the most important role of determining the morphology of the produced 
membrane. The membrane produced by the phase inversion method usually has an 
asymmetric structure [47].  
Common methods used to induce phase inversion are thermally induced phase 
separation (TIPS); controlled evaporation of the solvent from three component systems; 
precipitation from the vapour phase and immersion precipitation (IP) [20]. Of these 
methods, IP and TIPS are the most common in commercial membrane production [20, 27].  
2.2.8.1 Immersion precipitation 
Depending on the type of membrane, a polymer solution is immersed in a 
coagulation bath containing a non-solvent, and a solid membrane is obtained as a result of 
exchange between the solvent and non-solvent. For flat sheet membranes, the polymer 
solution is cast on a proper support; for hollow fibre membranes, no support is needed. Due 
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to the simplicity and relatively low production costs of IP, this technique is the main method 
for industrial membrane production due to the fact that the PVDF polymer can be dissolved 
in common organic solvents 
2.2.8.1.1 Mechanism of immersion precipitation phase inversion 
Changes in the composition of the polymer/solvent/non-solvent system as a result 
of mass transfer of a non-solvent into a casting solution and of the solvent into the 
coagulation bath during polymeric membrane preparation by wet phase inversion are 
schematically represented in a ternary phase diagram as “composition paths” in Figure 2.7 
[48]. 
 
Figure 2.7. Ternary phase diagram: polymer/solvent/non-solvent [48] 
 
Composition path 1 
In “composition path 1” the concentration of the polymer in the ternary system 
increases because the outflow of the solvent from the cast solution is faster than the inflow 
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of the non-solvent into the system. The entangled polymer molecules solidify by gelation, 
“glass transition” and/or crystallisation into a dense, compact structure. Therefore, the onset 
of turbidity is not seen for this system as nothing capable of scattering light is formed. 
However, such a dense structure is practically impermeable to water under ultrafiltration 
conditions. 
Composition path 2 
In “Composition path 2”, the ternary polymer solution is in a metastable state. If 
the concentration fluctuations enable the formation of sufficiently big nuclei, and the 
composition is connected by the tie line to the binodal on the opposite side of the miscibility 
gap, the nuclei of the polymer-lean phase can begin to grow. Phase inversion by nucleation 
and growth of the polymer-lean phase begins. The nuclei grow until the surrounding 
polymer-rich phase solidifies and a more or less cellular structure is formed. Under these 
circumstances, intensive light scattering and consequently, turbidity develops; the rate of the 
increase in turbidity depends on the rate of nuclei formation, and the intensity depends on 
the number and size of the nuclei. This process results in the formation of interconnected 
cells and a small resistance to water flux is expected.  
Composition path 3 
For “Composition path 3” the ternary polymer solution becomes unstable and 
even small concentration fluctuations induce the phase inversion process. The polymer-rich 
and polymer-lean phases are formed by spinodal demixing of the ternary polymer solution; 
their compositions are again determined by tie lines. The fundamental characteristic of 
spinodal demixing is a continuous with a gradual change in composition and consequently, 
slow increase in the quantity of both phases; which are mutually interconnected and form a 
three-dimensional bicontinuous network. As in previous cases, the polymer-rich phase also 
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solidifies in this instance by some modes of solidification when the concentration of the 
polymer increases over certain limits. Phase inversion by this mechanism does not result in 
the formation of objects capable of light scattering and, consequently, the appearance of 
turbidity is not expected at all when the decomposition of the ternary polymer solution takes 
place by spinodal demixing. In this case, because of the inherent interconnectivity of the 
polymer-lean phase, which is leached out in the subsequent process of membrane formation, 
a large water flux through such a spinodal polymer structure should be expected.  
Composition path 4 
“Composition path 4” describes that formation of nuclei of the polymer-rich phase 
in a matrix of the polymer-lean phase. Only when the concentration of nuclei and the speed 
of their growth are large enough for the beads thus formed to stick together, a compact 
polymer membrane is formed; otherwise, a polymer latex is formed. Scattering of light by 
the nuclei formed by the polymer rich phase results in turbidity in this case and the 
permeation of water through such a packed structure of polymer beads is expected to be very 
high. 
There are many factors that affect membrane properties, morphology and 
performance. Some of these factors are polymer molecular weight and polymer 
concentration in the solution, the solvent/non-solvent system, spinning dope and/or casting 
solution additives. For hollow fibre membranes in particular, the nature of the internal 
coagulant, its injection rate and viscosity are also important as well as the temperature of the 
dope, internal and external coagulants, external coagulation medium, molecular size of the 
solvent, solubility differences between solvent and non-solvent, and spinning parameters 
such as the linear extrusion rate, wind-up speed and air gap [22]. 
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2.2.8.1.2 Effect of polymer concentration 
The composition of the polymer dope has considerable effects on both the 
morphology and permeation characteristics of hollow fibre membranes. The higher the 
polymer dope concentration, the lower the effective porosity and mean pore size on both 
internal and external surfaces as well as lower nitrogen gas permeability [49]. 
2.2.8.1.3 Effect of solvent 
There have been many studies to correlate the effect of solvent and the structure of 
the membrane. For instance, an index related to solubility parameters (mainly the demixing 
time) has been defined as an indicator of membrane structure. Generally, the finger-like 
membrane structure appears when the index value of the system is high, the sponge-like 
structure is produced when the index value is low [50]. 
The effects of different solvents on the properties and morphology of PVDF 
membranes have also been studied. In a comparison of the effects of eight different solvents 
on water flux and BSA rejection, the order of the solvents according to the produced 
membrane performance is reported as: hexamethylphosphoramide (HMPA), 
dimethylsulphoxide (DMSO), trimethyl phosphate (TMP), N-methyl-2-pyrrolidone (NMP), 
triethyl phosphate (TEP), tetramethylurea (TMU), N,N-dimethylacetamide (DMAc) and 
N,N-dimethylformamide (DMF) [51]. 
In another study [52], four solvents were compared in terms of solvent strength for 
the PVDF polymer. The strongest solvent was reported to be DMAc. The order of solvent 
according to dissolving power for PVDF was as reported as: N,N-dimethylacetamide 
(DMAc), 1-methyl-2-pyrrolidinone (NMP), N,Ndimethylformamide (DMF) and triethyl 
phosphate (TEP). The density, viscosity, solubility parameters and mutual diffusivity for the 
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eight common PVDF solvents (DMAc, DMF, DMSO, HMPA, NMP, TEP, TMP and TMU) 
[45] are summarised in Table 2.3.  
Table 2.3. Solvent parameters for different PVDF solvents [45] 
 
parameters DMAc DMF DMSO HMPA NMP TEP TMP TMU 
Density ρ (at 20 °C) (kg.m-3) 941.2 949.1 1100.4 1025.8 1032.4 1069.4 1213.4 968.1 
Viscosity (at 25°C) (mPa.sec) 0.9472 0.8499 2.1878 3.5570 1.8179 1.6753 2.1937 1.5330 
Dispersion parameter δd,P (MPa
1/2) 16.8 17.4 18.4 18.4 18.0 16.8 16.8 16.8 
Polar parameter δp,P (MPa
1/2) 11.5 13.7 16.4 8.6 12.3 11.5 16.0 8.2 
Hydrogen bonding parameter δh,P (MPa
1/2) 10.2 11.3 10.2 11.3 7.2 9.2 10.2 11.1 
Total solubility parameter δt,P (MPa
1/2) 22.7 24.8 26.7 23.2 22.9 22.3 22.3 21.7 
Diffusivity DS-W ×10
6
 (cm
2
.sec
-1
) 9.1 10.2 10.7 6.2 8.9 6.3 8.0 7.8 
Diffusivity DW-S ×10
6
 (cm
2
.sec
-1
) 16.8 17.1 6.9 6.4 9.3 13.7 9.2 12.0 
Diffusivity Dm ×10
6
 (cm
2
.sec
-1
) 11.8 12.8 8.4 6.3 9.1 8.7 8.6 9.5 
 
The mutual diffusivity DS-w of solvent at very low concentrations in water and DW-S of 
water at very low concentrations of solvent were calculated using Wilke-Chang equations 
[53]:  
            
         
    
    
                                                                                      Eq. 2.1 
where Da-b is the liquid mutual diffusivity of “a” in pure “b” (cm
2
.sec
-1), φ is the association 
factor (2.26 for DS-W and 1.1 for DW-S), M is the molecular mass (was used 4 times greater 
than the actual value in their work), T is the absolute temperature (K), η is the absolute 
viscosity (Pa.sec) and V is the molar volume (cm
3
.mol
-1
). Dm is the harmonic mean value 
between DS-W and DW-S and is calculated from Eq. 2.2. 
   
         
         
                                                                                                           Eq. 2.2 
Bottino et al. [45] used different solvents to prepare PVDF flat sheet membranes 
and tried several solvent parameters with the aim of determining the relationship of each 
parameter to the different structure obtained from each solvent. Figure 2.8 shows different 
the structures of flat sheet membranes prepared from 15 wt.% PVDF and various solvents.  
They concluded that the value of Dm was the best parameter to predict the PVDF 
membrane structure prepared from a given solvent and that when the value of solvent/non-
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solvent diffusivity increases, the concentration path in the ternary diagram during membrane 
formation should lead into the demixing gap at higher polymer concentration. 
  
Figure 2.8. Scanning electron micrographs of cross-sections of membranes cast from 15 wt.% PVDF 
solutions in different solvents [45] 
Wu et al. [54], reported that greater pure water flux and lower BSA retention is 
observed when DMAc is used as a solvent, while using DMSO as a solvent resulted in a 
membrane with lower pure water flux that is difficult for protein macromolecules to pass 
through [54]. 
Membranes prepared with DMAc have a higher pure water flux and lower BSA 
retention compared to membranes prepared with NMP and DMF. The resultant membrane 
morphology from solvent DMAc consists of finger-like pores in the inner membrane layer 
and as well as thinner inner and outer skin layers (Figure 2.9A). In comparison, membranes 
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prepared with NMP and DMF solvents have a thicker outer layer (Figure 2.99 B, C). Finger-
like pores with less volume and thicker inner and outer walls are generated by DMSO 
solvent (Figure 2.9 D). The results shown are consistent with Yeow et al. [55]. 
 
Figure 2.9. SEM images of PVDF hollow fibre membranes prepared with solvents A: DMAc, B: NMP, C: 
DMF and D: DMSO [54]. 
Li et al. [56] illustrated the resultant membrane morphologies and characteristics 
of four different mixed solvents: TMP-DMAc, TEP-DMAc, tricresyl phosphate (TCP)–
DMAc and tri-n- butyl phosphate (TBP)–DMAc. Mixed solvents TMP-DMAc and TEP-
DMAc were stronger in dissolving PVDF. The two mixed solvents also showed a faster 
precipitation rate and reduction in membrane shrinkage, leading to higher flux. TCP-DMAc 
and TBP-DMAc resulted in a sponge-like membrane structure but because of weak solvent 
power, greater membrane shrinkage, shortened macro-voids and a dense structure were 
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observed. Thus, membrane porosity and flux was significantly reduced. Of the four solvents, 
TBP-DMAc exhibited the thinnest membrane. 
2.2.8.1.4 Effect of additives 
In order to improve PVDF membrane morphology and performance, different 
additives can be added to the casting solution/spinning dope. The additives play different 
roles, such as improving membrane morphology, acting as pore forming agents and altering 
the phase inversion rate (by accelerating or decelerating the phase inversion rate).    
2.2.8.1.4.1 Low molecular weight inorganic salts 
Different investigations have been carried out to study the effect of using low 
molecular weight inorganic salts as the pore forming agent and enhancing the dope solution 
viscosity and consequently altering the phase inversion rate, on the morphology and 
performance of the final membrane. It has been reported that the addition of LiCl caused a 
porous structure to form with larger macro-voids [43]. The size of the macro-voids tended to 
be larger when using a higher concentration of LiCl in the casting solution, and the porosity 
and the maximum pore size increased consequently. Although water flux dramatically 
improved, the mechanical strength of the membrane decreased. Due to the high tendency of 
LiCl to mix with water, the phase inversion rate was reported to be relatively higher [43, 
57]; on the other hand, it has been reported that the addition of LiCl caused the viscosity of 
the casting solution to increase dramatically [58, 59]. This may be the effect of the 
interaction between LiCl and the solvent. There was a greater increase in viscosity when 
NMP was used as the solvent as opposed to DMAc [59].  
LiClO4 was also used as an additive to the casting solution and it was observed 
that at a low concentration LiClO4 in the casting solution, a PVDF membrane with a highly 
porous structure and large macro-voids was produced [60]. The effect of adding of LiClO4 in 
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the spinning solution on the morphology and performance of the PVDF hollow fibre 
membranes was also investigated [61]. By increasing the concentration of LiClO4, the 
viscosity of the spinning solution increased considerably because of the interaction of the Li 
salt with DMAc solvent. Moreover, an increase in the mean pore size with a more uniform 
pore size distribution was observed by using low amounts of LiClO4; however, by adding 
more LiClO4 the adverse effect may be obtained.  
2.2.8.1.4.2 High molecular weight (polymeric) additives 
Using polyethyleneglycol (PEG) as an additive in the PVDF polymer solution has 
been shown to improve water permeation flux and rejection. PEG plays the role of pore 
forming agent and therefore, increases membrane porosity. Moreover, PEG can increase the 
hydrophilicity of the PVDF membrane. However, using PEG in polymer solutions reduces 
the membrane’s mechanical strength [62]. Furthermore, it has been shown that by increasing 
PEG molecular weight in the polymer solution, porosity and the membrane pore area will 
increase [63]. 
The effect of adding polyvinylpyrrolidone (PVP) with different molecular 
weights, into PVDF hollow fibre spinning dopes was studied by several researchers [55, 59, 
64, 65]. It has been shown that using PVP as the additive in the PVDF dope solution 
increases the effective surface porosity and hydrophilicity of the produced hollow fibre 
membrane. Because of the hydrophilicity of PVP, which caused the precipitation rate to 
increase due to improvements in water diffusion, larger macro-voids and cavities were 
observed near the inner skin layer [64]. The increase in PVP molecular weight has been 
shown to result in lower water permeation flux; however, using a lower molecular weight 
PVP in the PVDF dope solution results in a more suitable solute rejection. This is explained 
by the lower molecular weight PVP forming smaller pores and more easily leaching out 
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from the membrane. No significant morphological differences in the final membrane were 
observed by using different molecular weight PVP as the additives [55, 59]. Since PVP can 
be washed away using the membrane for a period of time, it may not be a good choice for 
membrane surface modification [65]. 
2.2.8.1.4.3 Inorganic particles 
There have been recent studies on the effect of the addition of inorganic particles 
into the casting solution/spinning dope in order to prepare a composite or hybrid organic-
inorganic membranes [66-69]. The resultant membranes showed improvements in 
morphology and performance in several fields, such as pervaporation processes [70], gas 
separation [71], improved membrane hydrophilicity and fouling resistance [67, 72] and 
improved mechanical strength [73]. Different inorganic particles were used as additives in 
the PVDF casting solution/spinning dope solution, such as TiO2 [67, 72], Al2O3 [68, 74], 
ZrO2 [69] and SiO2 [66, 75, 76].  
It was found that by using TiO2 or Al2O3 with the PVDF polymer solutions, the 
fouling resistance of the produced membrane improved [67, 68, 77]. Moreover, membranes 
with TiO2 particles showed an improvement in mechanical strength in comparison to the 
pure PVDF membrane [73]. It was also reported that using SiO2 particles improved the 
hydrophilicity of the produced membrane [75, 76].  
2.2.8.1.4.4 Other non-solvent additives 
The effects of using other additives such as glycerol [44], water [78] and 1,2-
ethanediol [79] on the morphology and performance of the resulting membranes were also 
investigated and it was reported that glycerol could have differing effects on the morphology 
and performance of the prepared membrane depending on the type of solvent used.  
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Shih et al. [44] reported that when TEP was used as the solvent, increasing the 
glycerol concentration in the PVDF solution resulting in a membrane with increased pore 
size and porosity; whereas, when using DMSO as the solvent, the increase in the glycerol 
concentration resulted in a membrane with increased mean pore size but reduced porosity. 
The results were influenced by the different affinities of the solvents for water. The addition 
of water as an additive reportedly increased the porosity and pore size [78]; whereas, by 
using 1,2-ethanediol the pore size increased but porosity remained unaffected [79]. 
2.2.8.1.5 Effect of coagulation bath and internal coagulant composition 
As mentioned above, there are two mechanisms in the immersion precipitation 
process: liquid-liquid demixing and crystallisation. In general, a fast coagulation rate during 
the phase inversion process benefits liquid-liquid demixing and results in the formation of 
large finger-like pores and macro-void structures; whereas, a slow coagulation rate benefits 
the crystallisation processes and results in a porous, sponge-like structure. Therefore, 
controlling the phase separation rate is an important factor in obtaining desirable membrane 
structures. The coagulation bath (and the internal coagulant in the case of hollow fibre 
spinning,) composition plays an important role in controlling the phase separation rate [41]. 
While water is considered a strong non-solvent for PVDF, mixing water with other 
chemicals could affect the phase inversion rate and consequently, change the resultant 
membrane’s morphology and performance. For example, by adding a solvent to the 
coagulation bath, a delayed phase inversion may occur.  
The effects of mixing ethanol with water in the coagulation bath and to the bore 
fluid coagulant when producing a PVDF hollow fibre membrane have been investigated 
separately [22, 59, 64]. Based on diffusivity values, the precipitation rate in the phase 
inversion process is reduced when ethanol is added to the coagulation bath resulting in the 
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long finger-like pores near the outer wall of the PVDF hollow fibre membrane change to 
shorter finger-like pores by increasing the concentration of ethanol in the coagulation bath 
[22]. Furthermore, by adding ethanol to the bore fluid coagulant, the precipitation rate is 
reduced resulting in a hollow fibre membrane without the inner skin layer, which has a high 
water flux [59, 64]. 
By using a mixture of water and NMP, which is a strong solvent for PVDF, in the 
internal coagulant, the finger-like structure at the inner wall started to disappear. At higher 
concentrations of NMP, the finger-like structure of the inner wall completely disappeared 
resulting in a more porous inner skin. These results were explained by the decrease in the 
precipitation rate caused by the addition of NMP [61]. 
2.2.8.1.6 Effect of coagulation bath and dope temperature 
In general, PVDF membranes with finger-like structures are formed at a high 
temperature phase inversion; whereas at a low temperature phase inversion, membranes with 
sponge-like structures and/or particulates (in case of crystallisation) are produced [20]. By 
increasing the coagulation bath temperature from 25 °C to 65 °C, a change was observed in 
the PVDF membrane’s morphology from a symmetrical structure with spherical crystallites 
to an asymmetrical structure with a dense top surface and a cellular structure mixed with 
spherical particles was observed [60, 80-82]. 
On the other hand, it was reported that an increase in the coagulation bath 
temperature had little influence on the PVDF membrane phase separation rate because of the 
slow interaction between water and PVDF [64]. However, an obvious structural change was 
noted when both the dope solution and coagulation bath temperatures were increased, 
especially in the presence of additives. It is believed that at higher dope and coagulation bath 
temperatures, the kinetics of the solvent outflux and water influx are enhanced. At a higher 
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temperature, crystallisation can be suppressed and liquid–liquid demixing can take place 
before crystallisation [55]. 
2.2.8.1.7 Effect of evaporation time  
The effect of evaporation time on flat sheet membranes cast from PVDF in DMF 
and NMP solutions was reported insignificant since DMF and NMP are considered high 
boiling point solvents. However, by adding low boiling point co-solvents such as acetone 
and THF to the PVDF solutions (using DMF and NMP as solvents) the morphology of the 
produced membranes changed through alterations in evaporation time. Basically, the longer 
the evaporation time when using low boiling point co-solvents the denser the top surface due 
to the evaporation of the co-solvent [39].  
2.2.8.1.8 Effect of spinning parameters on PVDF hollow fibre membranes 
Previous studies have mostly focused on flat sheet membranes with investigations 
focusing on the parameters affecting the production of the flat sheet membranes. However, 
because of the more desirable properties of hollow fibres compared to flat sheet membranes, 
such as the larger surface area per unit volume, high packing density and better performance, 
recent studies have been focused on hollow fibre membranes [22, 58, 59, 62, 83-86]. 
Because of the excellent properties of the PVDF membrane, much attention has been paid to 
the fabrication and application of PVDF hollow fibre membranes [34, 64, 87-89]. 
It is important to note that the phase inversion process of the flat sheet membrane 
begins from the top surface of the cast film upon immersion in the coagulation medium; 
whereas, the phase inversion process of the hollow fibre membrane takes place from both 
the internal and external surfaces. As a result, several spinning parameters affect the 
morphology and performance of the hollow fibre membrane that is produced.  
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The viscosity needed to cast a PVDF flat sheet membrane can be a few hundred 
cP whereas the minimum dope viscosity required to spin PVDF hollow fibre membranes is 
at least a few thousand cP [22]. 
Air gap length during spinning hollow fibre membranes has an important effect on 
the resultant hollow fibre’s structure in that the longer the air gap the longer the spun 
polymer is exposed to the air before it contacts the coagulation bath. From this point of 
view, the effect of air gap length in the production of hollow fibre membranes is similar to 
the effect of evaporation time during casting, which is time between the casting and 
immersion of the polymer film into the coagulation bath. It was reported that when a shorter 
air gap was used, a thinner skin layer was formed, resulting in higher water flux [61, 90, 91]. 
On the other hand, by increasing the air gap length, due to a higher orientation of polymer 
chains and chain packing caused by elongational stress, a membrane with a denser sponge-
like structure was formed [91]. The effect of the air gap is more significant when an 
amphiphilic copolymer additive is added to the spinning dope. The shorter air gap causes 
better surface segregation, which is described in the following sections. 
Another spinning parameter affecting the produced hollow fibre membrane’s 
diameter and the wall thickness is extrusion rate. Moreover, by increasing the extrusion rate, 
the water flux of the produced membrane increases and the rejection remains almost 
unaffected. It was explained by the increase in the shear rate in the spinneret and shear 
induced molecular orientation due to the increasing the extrusion rate [92]. 
2.2.8.1.9 Effect of membrane post treatment 
Membrane post treatment can help to open closed and collapsed pores, thus 
improving water flux. It has been reported that performing post treatment on PVDF hollow 
fibre membranes using ethanol, improves porosity and permeation characteristics [49, 93]. 
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2.2.8.2 Thermally induced phase separation (TIPS) 
As mentioned before, TIPS is another phase inversion method wildly used to 
prepare commercial membranes. First attempts at preparing PVDF membranes by TIPS for 
microfiltration and ultrafiltration were conducted in the late 1980s [40, 94-97] and have 
attracted more attention of late [98-101]. 
With this method, the polymer is heated above its melting temperature and a high 
boiling solvent as diluent is added to the melted polymer. The homogeneous solution of 
polymer and diluent is then cast and cooled, and solidification of the polymer occurs. 
Afterwards, the diluent is removed and a porous membrane is formed. The main difference 
between TIPS and IP is the mechanism of membrane solidification: in TIPS the thermal 
energy needs to be removed for the polymer to form the membrane; whereas, in IP solvent 
and non-solvent exchange causes phase separation [20].  
2.2.9 Track etching 
With this method a film or foil is exposed to high energy particle radiation which 
is applied perpendicular to the film. The particles damage the polymer matrix and create 
tracks, after which the film is immersed into an acid or alkaline bath and the polymeric 
material is etched away along the tracks to form uniform cylindrical pores with a narrow 
pore size distribution. By using this method, a membrane with the simplest geometry, which 
is an assembly of parallel cylindrical shaped pores of uniform dimension can be obtained 
[11]. This method is not widely used for PVDF membrane preparation [24, 102].  
2.2.10 Sintering 
With sintering, particles of a specified size are pressed and then sintered at high 
temperatures. The sintering temperature depends on the material from which the membrane 
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is produced and its properties [11]. Several commercial PVDF membranes have been 
prepared by the sintering method [103, 104]. 
2.2.11 Fouling 
Fouling causes flux decline or a decrease in the permeate rate during the filtration 
process. This remains a major problem in the use of microfiltration and ultrafiltration 
membranes for many applications. Several factors can cause fouling, such as concentration 
polarisation, adsorption, gel layer formation and pore plugging [11] and it can significantly 
affect the efficiency of the processes; therefore, many studies have been carried out to solve 
the problem or increase the fouling resistance of the membrane [105-109]. 
It should be noted that concentration polarisation is a different phenomenon to 
fouling, but not completely independent. As described above, fouling can be a result of the 
concentration polarisation phenomenon [11]. In general, concentration polarisation can be 
defined as the development of a concentration gradient of the retained components near the 
membrane surface, and is a function of the hydrodynamic conditions in the membrane 
system. It is independent of the physical properties of the membrane [110]. Meanwhile, 
fouling is defined as the deposition of materials on the membrane surface or in its pores, and 
thus causing changes in the membrane’s behaviour. This includes adsorption, pore blocking, 
precipitation and cake formation. Figure 2.9 is a schematic illustration of the reality faced by 
the operators of membrane processes as a result of fouling, which necessitates frequent 
cleaning operations to maintain acceptable fluxes. Membrane cleaning is generally 
accomplished by periodic "back washes" (B in the figure) during which flow through the 
membrane is reversed, and by occasional chemical cleaning (CC in the figure), typically 
with caustic and/or detergent solutions.  
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In general, with wastewater treatment and water purification, more hydrophilic 
membranes have less fouling issues, and as the PVDF polymer and membranes are 
hydrophobic, many studies have been done to improve hydrophilicity of the PVDF polymer 
and/or membranes, some of which are explained below [105, 111-114]. 
 
Figure 2.9. Schematic trans-membrane pressure vs. time plot for an UF operation 
2.2.12 Hydrophilic modification of PVDF membranes 
In order to improve water flux and fouling resistance of the PVDF membrane, 
different hydrophilic modification techniques have been applied either after membrane 
production or before membrane fabrication. Each method has its own advantages, such as 
easy application and low costs, and disadvantages, such as short life time, instability and 
expensive cost. Hydrophilic modification of the PVDF membranes can be categorised as the 
surface modification of the produced membrane (including surface coating and surface 
grafting), blending with hydrophilic and amphiphilic copolymers as well as other methods. 
2.2.12.1 Surface modification of the membrane 
Numerous strategies for the surface modification of polymer membranes have 
been investigated and have been applied to improve fouling resistance and selectivity. Many 
methods have focused on the coating or grafting of hydrophilic or amphiphilic species onto 
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the surfaces of the membrane after its preparation by immersion precipitation. All coating 
and grafting techniques suffer from one or more of the following disadvantages:  
1. Surface modifying agents are subject to removal by long-term exposure to aggressive 
species in the feed solution or during aggressive chemical cleaning procedures.  
2. Grafting and coating typically result in changes in the membrane’s pore size distribution 
and sometimes permeability.  
3. Hydrophilicity is typically imparted to the membrane separation surface only, while 
foulant accumulation can occur both on the separation surface and within the internal 
pore channels [115-117]. These methods require post-coagulation processing steps, 
increasing membrane fabrication costs.  
The properties of an ideal strategy for the surface modification of polymer 
membranes are: (i) a high degree of surface coverage with long-term stability; (ii) an 
increase in membrane permeability; (iii) coverage of the internal pore channels and 
separation surface; (iv) low material and process costs; (v) minimal impact on bulk 
membrane properties; and (vi) flexibility in the selection of surface chemistry. Methods 
currently used include coating, adsorption and surface graft polymerisation of hydrophilic or 
amphiphilic polymers onto membrane surfaces, as well as hydrophilic chemical 
modification of bulk membrane materials [113]. In order to improve the lifespan of the 
coated layer, some chemical post treatments such as sulfonation or crosslinking have been 
performed on the membrane surface [20]. 
2.2.12.1.1 Membrane surface coating 
Coating is often accomplished by the adsorption of water-soluble polymers [116-
118] or surfactants [118, 119] onto membrane surfaces in an aqueous solution. The routine 
performance of such pre-treatments during a filtration operation might simply be envisioned 
by the addition of polymer or surfactant to the feed stream. This approach is economical and 
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has been marginally successful in increasing the fouling resistance of polysulfone (PS), 
polyamide and polyacrylonitrile (PAN) based membranes relative to untreated membranes.  
This strategy has two significant shortcomings. First, the polymers and surfactants 
that comprise the coating block the membrane pores substantially, such that the initial pure 
water flux for a treated membrane might be as little as 10% of that of an untreated 
membrane [118]. Thus, even when significant resistance to foulant adsorption has been 
achieved, the absolute throughput of the foulant solution after several hours is at most 40% 
better than that for the corresponding untreated membrane. The second shortcoming of this 
approach is the fragile nature of the surfaces produced. Surfactants and polymers used for 
membrane pre-treatment can be removed from membrane surfaces, both during exposure to 
water and chemical cleaning [118]. The use of this strategy thus limits any fine control over 
membrane selectivity, since adsorption and subsequent desorption of the modifying species 
result in unpredictable changes in the membrane pore size distribution over time. 
Coating has also been accomplished by applying dipping or spraying steps 
immediately following membrane fabrication [112, 120, 121]. These coating methods have 
an effect on the initial pure water flux similar to that of adsorption pre-treatment. However, 
substantially better fouling resistance has also been achieved. In fact, the coating of the 
PVDF membranes with a poly(ethylene oxide)-b-polyamide copolymer provides an absolute 
flux improvement seven times greater than untreated membranes after eight hours of 
filtration of an oil-water emulsion, despite the fact that the coating process results in an 
initial pure water flux reduction of 89% [112].  
The effect of the coated layers on membrane selectivity is significant; however, 
surface stability remains an issue, especially at extreme pHs [112]. In appropriate 
conditions, the aqueous adsorption of polymers and surfactants can modify pore channels 
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throughout the membrane cross-section, as well as the separation surface. Through-pore 
modification requires the use of a macromolecule or surfactant with a dimension in solution 
sufficiently small enough compared to the size of the separation surface pore [116, 118, 
122]. Coatings applied during dipping and spraying steps affect the properties of the 
separation surface only [112, 120, 121]. 
2.2.12.1.2 Membrane surface grafting methods 
Surface grafting exhibits good stability and long lifespan since grafted chains are 
anchored to the membrane surface via covalent bonding [123]. Surface grafting can mainly 
be categorised based on the method used for grafting (such as UV photo irradiation, plasma, 
high energy irradiation and “living”/controlled polymerisation) and the type of monomer 
used (i.e. single monomer or a mixture of two (or more) monomers) [124]. Moreover, 
depending on the polymerisation medium, grafting can be performed in an aqueous or 
organic solvent environment. Surface grafting can be conducted in two different ways: either 
polymerisation of the monomers on the membrane surface via different initiation processes 
or immobilisation of the polymers on the membrane surface via a coupling reaction. The 
former is considered as “grafting from” and the latter is considered as “grafting to”  [65, 123, 
125]. Table 2.4 summarises the advantages and disadvantages of each grafting method. 
More stable surface layers have been prepared by the surface grafting 
polymerisation of vinyl monomers or macro-monomers onto membranes from solution. For 
this purpose, free radicals may be produced on membrane surfaces by exposure to redox 
initiators, low-temperature plasmas, ultraviolet, γ-ray, or electron beam radiation [126, 127]. 
Like coating, grafting blocks the surface pores, sometimes resulting in reduced permeability 
[128]. In fact, the pure water fluxes for grafted membranes are often better than those for the 
corresponding unmodified membranes due to the hydrophilicity of the surface layers 
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produced [126, 129]. Graft-modified PS and poly(ethersulfone) (PESf) membranes have 
been prepared which exhibit fluxes after several hours of protein solution filtration over two 
times greater than those of unmodified membranes [129]. Grafting methods, which result in 
covalent bonding of the modifying species to the membrane, are expected to create surfaces 
with much greater long-term stability than coated surfaces. However, the grafted surface 
layers are subject to chemical degradation, especially during aggressive chemical cleaning 
procedures. The long-term stability of grafted layers exposed to aggressive environments has 
not been well studied [126]. In addition, the grafting density and grafted chain length are 
kinetically limited and difficult to control. Trial and error is involved in the optimisation of 
each combination of membrane and graft polymerised monomer. Often, the achieved degree 
of surface coverage is limited by the occurrence of unacceptable pore blockages at high 
grafting densities.  
2.2.12.2 Blending with hydrophilic and amphiphilic copolymers  
As mentioned in section 2.2.8.1.4.2, hydrophilic polymers, such as PEG and PVP 
are blended with the casting solution in order to improve the water flux and hydrophilicity of 
the produced membranes. In general, since PVDF has a hydrophobic nature, incompatibility 
between hydrophilic additives (i.e. PEG and PVP) and hydrophobic polymer (PVDF) may 
cause some problems during the phase inversion process. 
Another method  the aim of this research  is to graft hydrophilic side chains 
onto a back bone of the hydrophobic PVDF chains using the newly introduced and 
developed method of atom transfer radical polymerisation (ATRP) to obtain an amphiphilic 
copolymer and then blend this copolymer with the PVDF spinning dope. ATRP method and 
mechanism are explained in the next sections. Since the amphiphilic copolymer has a 
backbone of PVDF, it can be mixed well with the PVDF solution, thus stay stable over the 
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lifespan of the membrane. Furthermore, since water is used as non-solvent for precipitation 
of the membrane, the hydrophilic chains can be self-organising and placed on the surface of 
the membrane, which makes this a surface segregation method. 
Table 2.4. Advantages and disadvantages of different methods used in surface grafting 
 
 
Self-organising blends of an amphiphilic comb polymer with a poly(methyl 
methacrylate) (PMMA) or PVDF backbone and poly(ethylene oxide) (PEO) side chains in 
Method Advantages Disadvantages 
UV Simple and relatively cheap 
[130] 
Grafting on PVDF by UV irradiation 
is difficult because PVDF is very 
resistant [131]. Strong initiation 
irradiation source, e.g. X-ray or 
ozone is required [132]. Pre-
treatment of the surface is required 
for further modification. 
Plasma Majority of membrane 
properties not affected. 
Versatility for both porous and 
non-porous membranes [133]. 
Expensive as vacuum system is 
required [133]. 
Redox Easy and can be used in 
aqueous media at room 
temperature without external 
activation [134] 
Relatively slow kinetics that 
necessitates the use of high monomer 
concentrations to reach a substantial 
degree of grafting [135] 
Electron 
Beam 
Can produce free radicals in 
the bulk membrane while 
penetrating the polymer 
membranes. The radiation 
process is employed at room 
temperature. It is free from 
contamination as no catalyst or 
additives are required. Does 
not require expensive vacuum 
equipment [136]. 
Long linear graft chains after a high 
degree of grafting, leading to pore 
reduction or plugging [136]. 
ATRP Better control with “living” 
ionic polymerisation. 
Molecular weight and reaction 
can be controlled. High degree 
of freedom in the choice of 
alkyl halides as initiator, the 
transition-metal catalysts, 
solvents, monomers, etc.  
Removal of the transition-metal 
complex from the reaction system. 
After an ATRP experiment, the 
transition metal has to be removed 
from the polymer for aesthetic,  
environmental and stability reasons 
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PVDF casting solutions have been examined as a means of creating foul-resistant, self-
healing surfaces on polymer membranes. Analysis of phase inversion membranes prepared 
from these blends indicates substantial surface segregation of the amphiphilic component, 
which occurs during the coagulation step of the phase inversion process[109, 137]. 
2.2.12.2.1 Atom transfer radical polymerisation (ATRP) 
Living polymerisation, where chain-breaking reactions such as termination and 
transfer are absent, and all chains are instantaneously initiated and grow simultaneously 
enables polymers to be created with precisely controlled molecular weights and narrow 
molecular weight distributions, as well as determining every aspect of macromolecular 
architecture (composition, topology and functionality) [138-140]. 
ATRP is among the most rapidly developing areas of synthetic polymer 
chemistry. It combines chemistry with physics and processing/engineering to provide tools 
for rationally designing and preparing targeted functional materials. Because of its simplicity 
and broad uses, ATRP quickly incorporates, and sometimes even inspires, new 
developments in organic chemistry, surface science (responsive brushes), biomedicine 
(smart drug-delivery systems or bioconjugates), and materials science (nanophase 
morphologies or nanoobjects). Nevertheless, to reach its full potential, more research on 
certain aspects of the process is under way [138]. 
ATRP is a well-controlled/“living” polymerisation based on radical 
polymerisation. It has been claimed that ATRP is one of the most efficiently controlled 
living polymerisation methods to obtain polymers and copolymers with different 
architectures, as well as low polydispersities [139, 140]. This method can be used to design 
and produce new materials [138, 141]. In the first ATRP, this reaction involved initiation by 
an alkyl halide (R-X) and catalysed by a transition metal complex, such as CuX/bpy. The 
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polymers can be prepared under facile reaction conditions, using a multitude of available 
polymerised monomers with accessible chain functionalities. 
2.2.12.2.2 Fundamentals of ATRP 
In ATRP, alkyl halide initiators or dormant species (RX or PnX) react with 
activators, low-oxidation-state metal complexes Mt
z
Lm (Mt
z
 represents the metal species in 
oxidation state z, L is a ligand; the charges of ionic species are omitted for simplicity) to 
reversibly form both propagating radicals (R
.
/P
.
n), and deactivators, and higher oxidation 
state metal complexes with co-ordinated halide ligands XMt
z+1
Lm. The dormant species in 
this ATRP equilibrium may be the polymer chains able to grow in one or many directions, 
or polymers attached to functional colloidal particles, surfaces, biomolecules and so on 
(Figure 2.10). ATRP is a catalytic process and can be mediated by numerous redox-active 
transition metal complexes (Cu has been the most often used transition metal, but other 
studied metals include Ru, Fe, Mo and Os) [138]. 
With the PVDF backbone and side chains of poly(methyl methacrylate) (PMMA), 
the amphiphilic comb polymer PVDF-g-PMMA was synthesised through an ATRP 
technique, and used as blend in the preparation of PVDF flat sheet membranes. The 
produced membrane was characterised and exhibited improved performance in terms of 
permeability and fouling [137]. 
Moreover, PVDF itself was used as the backbone of the amphiphilic comb 
polymer with side chains of PEO. The secondary halogenated sites of PVDF are the 
initiators of ATRP while the amphiphilic comb polymer is blended to the PVDF solution. 
The produced membrane showed suitable hydrophilicity, and better permeation and fouling 
resistance [113]. Figure 2.11 shows a schematic view of a graft polymer. 
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Figure 2.10. A general ATRP mechanism 
 
 
Figure 2.11. A schematic view of a graft polymer 
2.2.12.2.3 ATRP mechanism for PVDF-g-POEM 
As mentioned above, using PVDF as the backbone makes the graft copolymer 
more compatible and miscible with the PVDF solutions. PVDF can be used as the macro-
initiator and poly(ethylene glycol) methyl ether methacrylate or POEM (or PEO) as the 
macro-monomer. As the side chains, POEM will be grafted onto the PVDF main chains 
through ATRP. The hydrophilic POEM chains will enhance the hydrophilicity of the 
amphiphilic copolymer (PVDF-g-POEM) [137] and the amphiphilic copolymer will be used 
as blend to the casting solutions and/or spinning dope. Figure 2.12 shows the chemical 
structure of POEM. 
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Figure 2.12. Chemical structure of POEM 
 
As can be seen from Figure 2.12, POEM has an active double bond in its structure 
which can be used in ATRP to grow the graft branches on the PVDF backbone. Figure 2.13 
illustrates a general ATRP mechanism using a monomer with a double bond. 
 
Figure 2.13. ATRP mechanism using a monomer with a double bond 
A successful polymerisation of PVDF-g-POEM using CuCl/DMDP as the 
catalyst/ligand at 90 °C for 19 hours has been reported [137]. Fig 2.14 shows a schematic 
view of the PVDF-g-POEM polymerisation mechanism. 
 
 
Figure 2.14: Schematic mechanism of the polymerisation of PVDF-g-POEM 
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A considerable improvement in hydrophilicity and water flux was reported when a 
small amount of PVDF-g-POEM was used as the additive in the PVDF solution [137]. 
Figure 2.15 illustrates the chemical structure of PVDF-g-POEM [137]. 
 
Figure 2.15. Chemical structure of PVDF-g-POEM [109] 
2.2.12.3 Other methods 
The exposure of PS, PAN, and PESf membranes to low-temperature plasma has 
been used to generate peroxide groups on the surface, which results in increased 
hydrophilicity and fouling resistance. This strategy still involves post-coagulation 
processing but is a less complex process than grafting methods. In addition, plasma exposure 
is known to remove material from the membrane surface, frequently resulting in increases in 
pore size and consequent changes in selectivity [129].  
Other strategies have been used to improve membrane hydrophilicity. Perhaps the 
most straightforward approach is the chemical modification of the bulk membrane material. 
For example, membranes cast from sulfonated PVDF exhibit better fouling resistance than 
PVDF membranes [83], while membranes cast from chemically modified "hydrophilic 
polysulfones" exhibit similar advantages over PS membranes [142]. These approaches are 
not really "surface modification" approaches, since they may be expected to significantly 
impact the bulk properties of the membrane as well. Thus, the ultimate properties of the 
membrane will reflect some compromise between desirable bulk and surface characteristics. 
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2.2.13 A review of PVDF applications in water and wastewater treatment 
Water and wastewater treatment are an integral part of the environmental pollution 
control systems. At present, membrane technology is an essential treatment alternative for 
water and wastewater management. Microfiltration, ultrafiltration, nanofiltration and reverse 
osmosis are common examples of membrane processes that are increasingly employed for 
these applications. Table 2.5 compares the properties of advanced common water treatment 
and disinfection technologies [6]. 
Table 2.5. Comparison of the properties of advanced disinfection technologies [6] 
 
Characteristics/criteria Chlorination/dechlorination UV Ozone MF UF 
Safety + +++ ++ +++ +++ 
Bacterial removal ++ ++ ++ +++ +++ 
Virus removal + + ++ + +++ 
Protozoa removal 
1
 - - ++ +++ - 
Bacterial growth + + + - - 
Residual toxicity +++ - + - - 
By-products +++ - + - - 
Operating costs + + ++ +++ +++ 
Investment costs ++ ++ +++ +++ +++ 
“-” none; “+” low; “++” middle; “+++” high 
1
 in vitro analysis of Cryptosporidium 
The use of PVDF membranes in wastewater and water management is an 
interesting subject in membrane research. The employment of membranes with good 
mechanical properties such as PVDF is essential, to ensure the smoothness and effectiveness 
of long-term operation. M. Gómez et al. [1] compared the performance of two methods of 
wastewater treatment of physicochemical treatment combined with UV disinfection and 
microfiltration–ultrafiltration (MF-UF) using PVDF flat sheet membranes on urban 
wastewater treated in a double-stage aerobic biological system, and concluded that, although 
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both systems achieved excellent quality effluent, the quality achieved by MF-UF was 
superior. Figure 2.16 demonstrates a schematic flew view of a UF wastewater plant [143]. 
 
Figure 2.16. A schematic plant of a UF wastewater plant [143] 
PVDF possesses excellent thermal stability and good chemical resistance. It is 
also resistant to many solvents and corrosive materials [20]. Table 2.5 compares the 
chemical resistance of several polymeric membrane materials [143]. Over the last few years, 
products made of PVDF (flat sheet and hollow fibre membranes) have considerably 
increased due to the fact that PVDF membranes have a lifespan between three to five years 
for general applications; however, some of those membranes can be used for even five to 10 
years in water and wastewater applications [144]. Because of these properties, PVDF 
membranes are favoured in water and wastewater management, where commercial PVDF 
membranes have been applied in hybrid ultrafiltration-membrane distillation systems for oil 
removal [145], oil refinery wastewater treatment [146], the treatment of phenol in saline 
wastewater [147], the purification and reuse of laundry wastewater [148], mercury removal 
from dental wastewater [149] and drinking water treatment [150, 151].  
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Table 2.5. Chemical resistance of several membrane materials [143] 
 
 CA PSO PVDF PAN SiO2 Cellulose 
3 < pH < 8        
pH<3 or pH>8        
Temp >35°C        
Humic acid     ()   
Proteins  ()  () ()   
Polysaccharides     ()   
Textile waste    ()    
Aliphatic hydrocarbon    ()    
Aromatic hydrocarbon       () 
Oxidizers  ()   ()  () 
Ketones, Esters       () 
Alcohol        
CA: Cellulose acetate, PSO: Polysulfone (either polyethersulfone or 
polyarylethersulfone),  
: high resistance, ():either that the information is based on theory or that 
practical results have proved to be dubious and : very low or no resistance. 
Chae et al. [152] studied the effect of pre-treatment on PVDF membrane fouling. 
The effect of the membrane structure on the membrane performance was also investigated. It 
was found that by operating PVDF microfiltration after performing a pre-treatment by 
coagulation/sedimentation, sand filtration and chlorination, turbidity was removed 
completely, and humic substances, Al and Fe were eliminated effectively. The effect of 
membrane structure on fouling suggested that the asymmetric PVDF membrane experienced 
more reduced membrane fouling than the symmetric PVDF membrane, although the normal 
pore size of the latter was half of the former [152]. PVDF membranes are also applied in the 
concentration of natural rubber skim latex [153], municipal wastewater treatment through a 
membrane bioreactor [154] and as a reverse osmosis membrane in palm oil mill effluent 
(POME) treatment [155]. Chabot et al. developed PVDF hollow fibre membranes for 
water/organic vapour mixture treatment [156]. They reported that in the separation of 
water/1-propanol, although PVDF membrane was hydrophobic, it was water selective. The 
organic selectivity of PVDF membrane was improved by coating a layer of PVDF on a 
porous polyetherimide membrane which enhanced the permeation of 1-propanol [156]. 
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Another possible application of PVDF membrane is treating oily wastewater 
produced from manufacturing processes. This type of wastewater occurs most frequently in 
the form of an oil-in water emulsion and has to be treated before it is discharged into the 
natural environment to avoid major ecological crises. Due to their natural hydrophobic 
properties, microporous PVDF membranes were employed in the removal of oil from oil-in-
water emulsions by Kong and Li [157]. They designed the experimental apparatus for 
oil/water separation with prepared flat sheet PVDF membranes, but instead of water, oil was 
produced as the permeate during the filtration of oil-in-water emulsion containing kerosene. 
The highest percentage obtained for oil removal was reported to be 77%, while the 
separation performance could be affected by parameters such as membrane pore size and 
feed velocity. 
 Gryta et al. used a tubular UF module of PVDF membrane and a PP membrane 
capillary module for membrane distillation (MD) to purify typical bilge water collected from 
a harbour without pre-treatment. The permeate of the UF module contained less that 5 ppm 
oil, which was completely removed by MD [145]. Masuelli et al. studied SPC sulfonated 
polycarbonate/PVDF (SPC/PVDF) membrane for oily wastewater treatment and reported 
that by increasing the amount of SPC in the membrane, fouling was reduced and the 
membrane which contained 20% SPC did not experience irreversible fouling [158]. 
Nevertheless, in many applications PVDF membranes are susceptible to fouling 
because of their hydrophobic properties, which cause flux decline that affects efficiency. 
Ochoa et al. investigated the effects of membrane hydrophilicity on performance for 
ultrafiltration emulsified oil wastewater from an engine factory [105], for which fouling 
effects were observed to be greater for membranes with lower hydrophilicity. There has 
been much effort directed towards modifying the surface properties of PVDF membranes to 
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be more hydrophilic while retaining the bulk of the membrane properties [46, 106, 137]. Du 
et al. reported that surface coating of PVDF membranes by a diluted poly(vinyl alcohol) 
aqueous solution followed by solid vapour interfacial crosslinking there was improved 
membrane hydrophilicity and smoothness, and enhanced water flux in drinking water 
treatment [159]. 
In another recent study, PVDF/zirconia blend was used to prepare flat sheet 
membranes in order to adsorb arsenic and remove some micro-organisms from the ground 
water. The effect of adding of the zirconia was reported as a dramatic increase in the water 
flux due to the increase in the porosity and improvement of the hydrophilicity. Results 
indicated that the PVDF/zirconia membrane was effectively capable of adsorption of 
arsenate in a pH rage (3 – 8) and the maximum capacity of the arsenate uptake to reach the 
adsorption equilibrium (25 hours) was reported as 21.5 mg/g and the membrane could be 
easily washed by an alkaline solution and reused afterwards [160]. 
You et al. showed that foulants of the tertiary effluent from an industrial park 
wastewater plant on PVDF membranes in an ultrafiltration process could be oxidised and 
removed by ozonation. They reported that by ozonation the permeate flux was maintained at 
90% but without ozonation, the flux was reduced to 60% after one hour [161]. Commercial 
hydrophilic PVDF membranes have been applied in the microfiltration of emulsified oil 
wastewater [162], while Al2O3-PVDF and PAA (polyacrylic acid)-PVDF  composite 
membranes have been employed in oily wastewater treatment and municipal wastewater 
treatment respectively [74, 163]. 
The application of MBR from different membranes including PVDF and PE for 
hospital wastewater treatment in China was compared to the other conventional methods. 
Using MBR for hospital wastewater treatment can reduce the disinfectant agent 
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consumption, decrease the reaction time and deactivate the micro-organisms along with the 
producing of lower disinfectant by-products. The authors concluded that during the past few 
years, 50 MBR plants have been successfully applied in China and based on the increasing 
number of hospitals and new regulations for the treated water quality, MBR can be used 
more widely in the hospital wastewater treatment [164]. In another study, Sui et al. [165] 
investigated the efficiency of some pharmaceuticals and other compound such as (antibiotic, 
antilipidemic, anti-inflammatory, anti-hypertensive, anticonvulsant, stimulant, insect 
repellent and antipsychotic) removal from wastewater in four different wastewater treatment 
plants (WWTPs) of Beijing, China. The schematic diagrams of these WWTPs are shown in 
Figure 2.17. PVDF membrane with pore size of 0.02 mm was used in the ultrafiltration unit 
in WWTP A. 
 
Figure 2.17. Schematic diagram of different WWTPs for some pharmaceutical removal. A/O: anoxic/oxic 
activated sludge, A
2
/O: anaerobic/anoxic/oxic activated sludge [165]  
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The results showed that some of the compounds were removed in the secondary 
effluent; however, MF/Ozonation or MF/RO were every effective for further removal; 
whereas, the sand filtration was reported almost ineffective [165]. Teoh et al. investigated 
the use of dual-layer PVDF/PTFE composite hollow fibres to produce a thin macrovoid-free 
selective layer for water production via direct contact membrane distillation applications 
[166]. They claimed that PTFE particles in the spinning dope could prevent the macrovoid 
formation and improve the hydrophobicity.  
The effect of the hydrophilic dispersed pore forming agents of lithium chloride 
monohydrate (LiCl.H2O) and titanium dioxide nanoparticles (TiO2) on the porous 
asymmetric PVDF UF hollow fibre membranes for refinery produced wastewater treatment 
were investigated by Yuliwati et. al. [167]. They reported the lower content of TiO2 in the 
PVDF/LiCl/TiO2 membrane resulted in the smaller mean pore size, more pores inside the 
membrane and improved hydrophilicity; whereas, the role of the LiCl.H2O was to increase 
the liquid-liquid demixing rate during the phase inversion process. The highest flux of 82.5 
(L.m
-2
.h
-1
) with the rejection of 98.83% for the refinery wastewater was achieved by using 
1.95% TiO2. 
2.3 Summary 
The need for good-quality water is increasing globally due to population and 
industrial growth. A growing number of people do not have access to suitable drinking water 
while industrial units produce a considerable amount of wastewater indicating the necessity 
for effective water and wastewater treatment. Of the methods currently used for water and 
wastewater treatment, membrane technology is one of the newest and has proven 
advantages. For instance, since membrane filtration is considered a physical method, there 
are no residual chemicals left in the permeate water. 
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Because of the excellent properties of PVDF, such as chemical and heat 
resistance, and suitable product mechanical strength, it has been used widely as a membrane 
material. Different membrane modules can be produced from PVDF, such as flat sheet and 
tabular membrane modules. Hollow fibre membranes  one of the tubular configurations  
have recently attracted more interest because they have a considerably higher surface area 
per unit volume and can be used without a support.  
Despite the advantages of PVDF, there is still a problem with the hydrophobic 
nature of PVDF that needs to be considered. This issue results in fouling and consequently, 
frequent back-washing and chemical cleaning are needed that makes PVDF membranes 
unsuitable for water and wastewater treatments. Many studies have been done to eliminate 
this problem or improve PVDF membrane hydrophilicity and fouling resistance. Of the 
methods that have been used to improve hydrophilicity of the PVDF membranes, blending 
an amphiphilic copolymer (PVDF-g-POEM) synthesised through ATRP with the PVDF 
polymer solutions has been studied in more details. With the PVDF backbone, amphiphilic 
PVDF-g-POEM is compatible and miscible with PVDF while hydrophilic chains of POEM 
provide suitable hydrophilicity. 
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CHAPTER 3 Economical production of PVDF-g-POEM and its 
use in preparation of hydrophilic PVDF based hollow fibre 
membranes  
3.1 Abstract 
A simple and environmentally friendly method for the purification of PVDF-g-
POEM synthesised via atom transfer radical polymerisation (ATRP) has been introduced. 
This method involved fewer steps and included using water instead of the previously 
suggested mixture of methanol/petroleum ether, which is highly volatile, toxic and 
expensive. The characterisations of the purified copolymer indicated that a copolymer with a 
very high purity level can be obtained by using water as the precipitator and purifier. This 
suggests that the new method is more suitable for use in industry since it is more 
economical, and because working and recycling volatile solvents are difficult, this method 
seems to be easier to apply and environmentally friendlier. The purified copolymer was used 
as a blend to produce hydrophilic PVDF hollow fibres. Hollow fibres obtained from 
blending 5 wt.% of the copolymer with the PVDF spinning dope solution showed pure water 
flux of approximately 130.5 (L.m
-2
.h
-1
) with molecular weight cut off (MWCO) of 200 
(kDa). The test for flux recovery after fouling by BSA and subsequent washing with water 
showed a recovery higher than 95%, indicating the hydrophilic nature and antifouling 
characteristics of the produced hollow fibres. The effects of the spinning parameters on 
morphology and the performance of hydrophilic PVDF hollow fibres with low contents of 
PVDF-g-POEM were also investigated. By changing the spinning parameters such as, 
extrusion rate, air gap length and internal coagulant composition a wide range of PVDF 
hollow fibres were obtained. Contact angle measurement results indicated that the surface 
hydrophilicity of the all the PVDF/PVDF-g-POEM hollow fibres improved. The effect of 
the addition of high contents of the amphiphilic copolymer on PVDF hollow fibre 
membrane properties was also studied and it was found that by increasing the amount of the 
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copolymer, the morphology of the hollow fibres changed into a compact structure with 
relatively low water flux and low MWCO. Hollow fibres spun from pure copolymer 
exhibited a macro-void free structure and a very hydrophilic surface. The water flux of the 
hollow fibres spun from pure copolymers was around 12-15 (L.m
-2
.h
-1
) with a MWCO as 
low as 6 (kDa). 
3.2 Introduction 
PVDF is broadly used in membrane industries due to its hydrophobicity, excellent 
chemical resistance, great mechanical properties and thermal stability. In addition, solubility 
in common organic solvents such as N,N-dimethylacetamide (DMAc) and 1-methyl-2-
pyrrolidinone (NMP) makes it a strong candidate for membrane production via the 
inexpensive method of immersion precipitation (IP). These desirable properties have 
generated a great deal of research on PVDF membrane production and applications. As a 
result, different industrial applications of PVDF membranes have been reported or patented 
in water and wastewater treatment, membrane contactors and membrane distillation [1-12]. 
Several studies have been performed to improve the properties and performance of PVDF 
membranes including using inorganic salt additives such as LiCl and LiClO4 [13, 14] and 
ceramic particles such as TiO2, Al2O3 and ZrO2 [15-19]. Despite the mentioned desirable 
properties, the hydrophobic nature of the PVDF makes it susceptible to fouling when applied 
in water filtration, which causes flux decline and as a result, a decrease in membrane 
efficiency [20, 21]. Subsequently, considerable effort has been devoted to improving the 
hydrophilicity and fouling resistant properties of PVDF membranes, including the use of 
additives (e.g. hydrophilic polymers such as poly(ethylene glycol) (PEG) [22] and 
polyvinylpyrrolidone (PVP) [3]); the chemical modification of the surface and bulk 
membrane and preparing amphiphilic polymer blends [23, 24]. Investigations on the surface 
and the bulk modification of PVDF membranes can be categorised into surface coating and 
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adsorption [25, 26] and surface grafting [27, 28]. Surface coating and adsorption are 
relatively inexpensive methods but the coated or absorbed hydrophilic components can be 
washed away during operation. On the contrary, surface grafting can be more beneficial 
since the hydrophilic components form chemical bonds with the surface of the membrane; 
nevertheless, grafting on the surface of the membrane may block some surface pores and 
decrease the water flux to some extent.  
Blending an amphiphilic copolymer with a hydrophobic PVDF polymer 
membrane solution has reportedly been successful in improving water flux, hydrophilicity 
and the fouling resistant properties of the produced membrane. While the hydrophobic 
backbone of the amphiphilic copolymer has good compatibility when blended with PVDF, 
the hydrophilic side-chains provide the desirable hydrophilicity and fouling resistant 
properties [29-31]. By using the newly developed method of ATRP [32] and PVDF itself as 
the backbone, amphiphilic copolymers such as PVDF-g-PMAA (poly(methyl methacrylate)) 
and PVDF-g-POEM (poly(oxyethelylene methacrylate), have been synthesised and 
employed as blends with PVDF solutions to prepare hydrophilic PVDF based membranes 
[24, 33, 34]. Figure 3.1 demonstrates the reaction of PVDF and POEM in the presence of 
copper (I) chloride (CuCl) and 4,4’-dimethyl-2,2’-dipyridyl (DMDP) [23, 24].  
86 
 
 
Figure 3.1. Reaction of PVDF and POEM to synthesised PVDF-g-POEM [23, 24]  
After polymerisation, the previously suggested method for the purification of 
PVDF-g-POEM included using large amounts of volatile, toxic and expensive solvents, 
methanol and petroleum ether (see Appendix E), in three repeating loops involving 
precipitation, purification, drying and re-dissolving in NMP [23, 24]. This method does not 
seem particularly suitable for industrial procedures as it involves the use of volatile and 
toxic solvents, and could be uneconomical. In this study a simple and more environmentally 
friendly method was introduced for the purification of the synthesised PVDF-g-POEM, 
including using water instead of the aforementioned solvents, and less precipitation, 
purification and re-dissolving repeating loops. The purified copolymer was then 
characterised and successfully used as a blend to produce hydrophilic PVDF hollow fibre 
membranes with high anti fouling properties. 
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3.3 Experimental 
3.3.1 Materials 
Commercial PVDF (Kynar® K-761) was purchased from Elf Atochem and was 
dried at 60 °C for 24 hours before use. Poly(ethylene glycol) methyl ether methacrylate 
referred to herein as poly(oxyethylene methacrylate), (POEM, Mn=475 g.mol
-1
), copper (I) 
chloride (CuCl), 4-4’-dimethyl-2,2’-dipyridyl (DMDP), a mixture of different dextran 
molecular weights (10,000-1,500,00 Da), N,N-Dimethylacetamide (DMAc), bovine serum 
albumin (BSA, Fraction V) and phosphate-buffered saline (PBS) and HCl were purchased 
from Sigma Aldrich, UK. 1-methyl-2-pyrrolidinone (NMP) was purchased from Rathburn 
Chemicals Ltd, UK. All solvents and chemicals were reagent grade, and were used as 
received. The PBS solution (pH=7.4) was prepared by the addition of pre-packaged buffered 
salts to deionised water.  
3.3.2 PVDF-g-POEM polymerisation and purification 
PVDF (5 g) was dissolved in NMP (40 mL) in a conical flask at 50 °C. The 
solution was then cooled to room temperature, after which POEM (50 mL) was added to the 
solution. The solution was stirred at room temperature under vacuum for 30 minutes. Then 
CuCl (catalyst) (40 mg) and DMDP (ligand) (0.23 g) were added. a vacuum was applied for 
10 more minutes and the flask was sealed. The reaction vessel was then transferred to a 
preheated silicon oil bath at 90 °C and the reaction proceeded for different durations of 5, 
15, 20 and 40 hours. The reaction was then stopped by precipitating the reaction mixture in 
water. 
In the previous suggested method for the precipitation and purification of the 
copolymer, methanol and petroleum ether and a small amount of HCl were used followed by 
vacuum filtration [24]. It was then further purified by redissolving in NMP followed by 
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reprecipitation and purification in methanol and petroleum ether for 3 times. In the present 
study, the obtained copolymer was precipitated and purified by a relatively simple procedure 
using water as a non-solvent. The simpler method included precipitation and washing by 
water (and a few drops of HCl), then filtration using a 300 mesh stainless steel sieve and 
press-drying. The copolymer was further purified by redissolving in NMP and 
reprecipitation in water. The washing steps were repeated once more before the copolymer 
was dried under vacuum for 48 hours. 
3.3.3 PVDF-g-POEM characterisation 
Fourier transform infrared spectrometer (Perkin Elmer) was used to detect the 
chemical composition of the synthesised and purified copolymers (after different reaction 
times), PVDF powder and POEM macro-monomer.  
1
H NMR for PVDF and the copolymer was recorded on Bruker AV400. Samples 
were prepared by dissolving in DMSO-d6. The density of the PVDF powder and the 
synthesised copolymer was measured using a pycnometer (Micromeritics Accupyc 1330, 
Bedfordshire, UK). The molecular weights of the synthesised copolymer and pure PVDF 
were determined by gel permeation chromatography (GPC) PL-GPC 50 (Polymer 
Laboratories, UK). NMP was used as the solvent at a flow rate of 0.7mL/min at a 
temperature of 90 °C and an HT2 column was used. Samples were filtered (0.25 μm) prior to 
the analysis. The data was then analysed with PL Cirrus GPC software (version 3.0) 
(Polymer Laboratories, UK). 
The thermal behaviour of the PVDF powder and PVDF-g-POEM was determined 
using a differential scanning calorimeter (DSC) (Pyris-1, Perkin Elmer, Beaconsﬁeld, UK). 
To achieve a near-equilibrium structure prior to DSC analysis, the samples were 
preconditioned in the calorimeter by heating from 25 °C to 250 °C at 10 °C/min, holding at 
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250 °C for 10 minutes, then cooling to 25 °C at 10 °C/min and heating from 25 °C to 250 °C 
at 10 °C/min. DSC thermograms were then obtained for the last cycle. 
In order to indicate the residual amount of DMDP, the nitrogen content (in the 
DMDP structure) was measured by CHN (carbon-hydrogen-nitrogen) analysis (MEDAC 
Ltd, Science Centre, Surrey, UK). The residual Cu content (in CuCl (residual catalyst) and 
CuCl2 (residual deactivated catalyst) structures) was measured by X-ray fluorescence (XRF) 
(Bruker S4 Explorer, Bruker UK Ltd.).  
3.3.4 Dope solution and membrane preparation 
To study the effect of blending the amphiphilic copolymer with PVDF/DMAc on 
the solution viscosity, different amounts of the copolymer were dissolved in DMAc and the 
solution was stirred and heated at 60 °C until a clear solution was obtained. The PVDF 
powder was then added to the solution and the mixture was heated and stirred for 24 hours 
to obtain a clear solution. The viscosity of each solution was determined using an LV 
viscometer (Cannon Instrument) model 2020 with spindle S16.  
The spinning solutions (20 wt.% PVDF/DMAc and 15/5 wt.% PVDF/PVDF-g-
POEM/DMAc) were then degassed by applying a vacuum. The solution was transferred into 
a 200 ml Harvard stainless steel syringe, controlled and monitored by Harvard PHD 22/2000 
Hpsi syringe pumps. Two precise syringe pumps were used to inject the spinning dope and 
internal coagulant (DI water) separately into the spinneret, with inner and outer diameters of 
0.7 and 1.0 mm, respectively. Tap water was used as the external coagulant. The spinning 
parameters are summarised in Table 3.1. Spun hollow fibres were immersed in a DI water 
tank for three days to remove residual solvent. The water in the tank was replaced frequently 
with fresh water.  
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Table 3.1. Spinning parameters for samples H0, H1 and H2 
 
Sample 
Copolymer 
(wt.%) 
PVDF 
(wt.%) 
Dope Viscosity 
(cP) 
Extrusion rate 
(mL/min) 
Bore fluid rate 
(mL/min) 
Air gap 
(cm) 
H0 0 20 2310±10 5.0 1.5 5 
H1 5 15 3560±20 4.0 2.0 0 
H2 5 15 3560±20 4.0 2.0 30 
In order to measure the filtration performance of the hollow fibres, wet fibres were 
used to prepare hollow fibre modules; whereas for SEM, contact angle measurements and 
mechanical strength tests, fibres were post treated and dried using sequential solvent 
exchange method. Fibres were immersed in ethanol for 12 hours, followed by immersion in 
hexane for five hours before air drying at room temperature for 24 hours. This minimised the 
shrinkage effect by gradually reducing the surface tension during the drying process. 
3.3.5 Hollow fibre characterisations 
Fourier transform infrared attenuated total reflectance (FTIR-ATR) (Perkin 
Elmer) was used to determine the surface composition of the spun hollow fibres. The 
morphological structure of the prepared PVDF hollow fibre membranes were studied using 
scanning electron microscopy (SEM, JSM-5610LV, JEOL, Tokyo, Japan). Liquid nitrogen 
was used to fracture the cross-section of the hollow fibre which was gold sputtered under 
vacuum using an Emitech K550 Ion sputtering device.  
Contact angle measurement was used to study the hydrophilicity of the hollow 
fibre membranes. Due to the geometry of the hollow fibres, a tensiometry method sounds 
more suitable, but the sessile drop method can be used to investigate the change of the 
contact angle over time and wettability. Since, sessile drop is more suitable for flat surfaces, 
both methods were performed to hollow fibres and the results indicated that there were no 
significant differences between the results derived from both methods. This suggested that 
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by using a very small droplet of water (0.1 µL), the sessile drop method can be used to 
measure the contact angle of a hollow fibre membrane’s surface. 
In the tensiometer method, the cross-section of the hollow fibre was sealed by 
epoxy resin in order to prevent the adsorption of water into the lumen, and the contact angle 
was measured using a tensiometer (Krüss Processor Tensiometer K100, Germany). Sessile 
drop low-rate contact angle measurements on the membranes were conducted using the 
Drop Shape Analyser (DSA 10 MK2, Krüss GmbH, Germany). The sessile drop study was 
carried out using deionised water on dry samples. Water contact angles were measured by 
putting sessile water droplets of 0.1 µL on the hollow fibre surfaces. The changes in the 
contact angle were recorded over 180 seconds or until the membrane was wet. At least five 
independent determinations at different sites on one sample were averaged. 
In order to study the filtration performance of the hollow fibres, pure water flux, 
dextran molecular weight cut off (MWCO) and BSA rejection were measured. A schematic 
view of the setup used to measure water flux is shown in Figure 3.2. For each module, 10 
fibres with 20 cm in length were assembled into the filtration module and a filtration 
performance test was performed in a cross-flow mode through the inside-out configuration. 
All the tests were performed at a pressure of 1 bar and each module was prepared with wet 
fibres.  
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Figure 3.2. A schematic view of the setup used to measure filtration performances 
To prevent the effect of fibre compaction on the flux measurement, water was 
circulated through the module for 30 minutes. The volume of the permeated water was 
measured and the flux was calculated using the following equation: 
  
 
   
                                                                                                                                Eq. 3.1 
where J is the flux (L.m
-2
.h
-1
), V is the permeate volume (L), A is the effective 
surface area of the fibres (m
2
), and t is the time of the permeate collection (h).  
In order to measure the dextran MWCO, a mixture of different dextran molecular 
weights (10,000 - 1,500,00 Da) was circulated through the module for 30 minutes (at the 
pressure of 1 bar) prior to collecting the permeate sample. 
The GPC-50+ system (Polymer Laboratories Ltd) was used to analyse the dextran 
MWCO of the hollow fibre membranes. The system was equipped with a triple detector 
assembly: refractive index, viscosity and light scattering (15 and 90 degrees). A guard 
column (PL Aquagel-OH Guard 8µm) and two columns (PL aquagel-OH MIXED-H 8µm) 
1. Feed
2. Pump
3. Control valve
4. Pressure gage
5. Hollow fibre membrane module
6. Filtrate collection tray
1
2 3 4 34
5
6
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for analysing a broad range of molecular weights were used in series. The mobile phase was 
0.1 M NaNO3 and 0.01% w/w NaN3 in DI water, with a flow rate of 0.7 ml/min, which 
remained constant for all measurements. The chromatographs were analysed using 
commercial GPC software PL Cirrus Multi (Polymer Laboratories Ltd). The dextran 
rejection was calculated using the following equation: 
%1001(%) 









f
p
dextran
C
C
R                                                                                          Eq. 3.2 
where Cp and Cf were dextran concentrations in permeate and feed (g/L), 
respectively. Dextran MWCO was reported as the dextran molecular weight at which Rdextran 
≥ 90%. 
To evaluate the fouling resistant properties of the spun hollow fibre membranes, 
BSA was used as a model protein. The same procedure as for dextran was repeated for BSA 
in the feed solution and the permeate samples were collected. The deionised water was then 
replaced with 1.0 g/L BSA in PBS solution for the fouling resistance test until 10 mL of 
permeate was collected. The values of permeate flux at the beginning and end of the protein 
filtration were recorded, after which the hollow fibre was cleaned with deionised water, and 
the water flux was measured again. The rejection (R) of BSA for each membrane was 
calculated with the following equation: 
%1001(%) 









f
p
BSA
C
C
R                                                                                          Eq. 3.3 
where Cp and Cf were protein concentrations in permeate and feed (g/L), 
respectively. The values of Cp and Cf were determined using a UV-VIS spectrophotometer 
(UV-2101PC, Shimadzu, UK) at a fixed wavelength of 280 nm. 
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The mechanical properties of the membranes were determined using tensile 
testing equipment (Instron-4466). The samples were stretched at an elongation rate of 10 
mm.min
-1
 at room temperature (20 °C) and relative humidity of 50%. The fibre was initially 
fixed between the grips at a distance of 50 mm and the movable crosshead with a load cell of 
1 kN pulled the fibre at a constant rate of 10 mm min
-1
 until the fibre was broken. Five 
samples were selected randomly and tested from each batch of the dried hollow fibre.  
3.4 Results and discussion 
3.4.1 PVDF-g-POEM characterisation 
3.4.1.1 FTIR of PVDF-g-POEM 
FTIR spectra for purified and dried PVDF-g-POEM prepared with different 
reaction times along with the PVDF powder and POEM are shown in Figure 3.3. The 
appearance of the peaks at 2875 cm
-1
, 1728 cm
-1
 and 1109 cm
-1
 corresponding to CH3 
(methyl), C=O (carbonyl) and C-O-C (ester) stretches, respectively, indicated that POEM 
branches were grafted on the PVDF chains. Furthermore the intensity of the mentioned 
peaks increased as the polymerisation time increased from five hours to 40 hours. This 
indicated the highly controllable nature of the ATRP method [32-35]. On the other hand, the 
absence of any peak at 1640 cm
-1
 for C=C stretching suggested that almost all the unreacted 
POEM macro-monomer was washed away from the purified copolymer [33-36].  
Although by continuing the polymerisation time for 40 hours, the intensity of the 
characteristic peaks increased, suggesting a higher degree of grafting of the hydrophilic 
POEM on the PVDF chains, it did not seem to be economically suitable. Therefore, reaction 
was restricted to 20 hours for spinning dope preparation. 
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Figure 3.3. FTIR spectra for purified and dried PVDF-g-POEM resultant for various reaction times, 
PVDF powder and POEM 
 
3.4.1.2 NMR analysis 
The 
1
H NMR spectrum for PVDF-g-POEM is shown in Figure 3.4. As can be 
seen, peaks corresponding to PVDF (head-to-head (hh) and head-to-tail (ht)), O-CHx and 
PEO were observed in the 
1
H NMR spectra of PVDF-g-POEM [24]. The mole and weight 
fraction of POEM in the copolymer calculated using the following equations [24] was 9.4% 
and 43.5%, respectively for the reaction time of 20 hours. 
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Where φm(POEM) and φw(POEM) are the mole and weight fraction of  POEM, 
respectively, Ix is the area under the corresponding peak and MPOEM and MPVDF(unit) are the 
molecular weight of POEM and PVDF unit, respectively. 
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Figure 3.4. 
1
H NMR spectrum for PVDF-g-POEM 
3.4.1.3 Physical properties of PVDF-g-POEM 
Hester et al. reported depression in the melting temperature of PVDF-g-POEM 
compared to pure PVDF [24]. This depression, which can be observed from Figure 3.5, 
further confirms the grafting of POEM branches onto the PVDF chains.  
The values of the density and molecular weight for the PVDF powder and PVDF-
g-POEM are summarised in Table 3.2. The decrease in the density of PVDF-g-POEM 
compared to that of PVDF is a result of the grafting of POEM onto the PVDF chains. On the 
other hand, the increase in the PVDF-g-POEM molecular weight (550 kDa) compared 
PVDF (424 kDa) is evidence of successful grafting. 
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Figure 3.5. DSC thermographs for purified and dried PVDF-g-POEM and PVDF powder 
Results from CHN analysis indicated that the nitrogen content in the copolymer 
was reported as undetectable (<0.1%) and the copper content was also undetectable by XRF. 
It is important to know that the amounts of CuCl (≈0.04%) and DMP (≈0.23%) were very 
low and some would be washed out during purification. In particular, CuCl would convert to 
CuCl2 which is water soluble and would be washed away during purification. These results 
showed that the suggested method for copolymer purification was effective enough and a 
high purity copolymer was obtained.  
Table 3.2. Density and molecular weight of pure PVDF powder and PVDF-g-POEM 
 
 Density (g.cm
-3
) Mw (kDa) Mw/Mn 
PVDF 1.8±0.2 424 3.6 
PVDF-g-POEM 1.4±0.1 550 3.2 
 
3.4.1.4 Viscosity of the dope solution 
In order to study the effect of the addition of the synthesised copolymer on dope 
solution viscosity, different amounts of the copolymer were blended with the PVDF/DMAc 
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dope solution and the viscosity thereof was measured. As seen in Figure 3.6, adding 
copolymer into the spinning dope caused the viscosity of the solution to increase, while a 
dramatic increase in the viscosity for copolymer contents higher than 5 wt.% (7 wt.% and 10 
wt.%) was observed. Dope viscosity is one of the important parameters affecting the final 
membrane structure and performance. In general a faster rate of solvent-non-solvent 
exchange during the phase inversion results in bigger finger-like pores and macro-voids; 
whereas, a slower rate results in more sponge-like pores [37, 38].  
 
Figure 3.6. Viscosity change by addition of different amounts of the copolymer 
By increasing the dope viscosity, the exchange between solvent and non-solvent 
becomes more difficult and a slower phase inversion is expected. However, it is important to 
note that although the addition of the amphiphilic copolymer causes higher viscosity of the 
solution, the hydrophilic part of the copolymer, which has affinity to water, causes faster 
phase inversion. Therefore, by adding the amphiphilic copolymer to the spinning dope, there 
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are two competitive factors affecting the phase inversion rate: increased viscosity of the 
solution and facilitated water intrusion due to the hydrophilic nature of the copolymer.  
3.4.2 Hollow fibre membrane characterisation 
3.4.2.1 FTIR-ATR of hollow fibres 
The spectra of the FTIR-ATR of the surface of samples H0, H1 and H2 are shown 
in Figure 3.7. The characteristic peaks for CH3 (methyl), C=O (carbonyl) and C-O-C (ester) 
stretching can be observed on the surface of samples H1 and H2. The presence of the 
mentioned groups on the surface of samples H1 and H2 is evidence of self-segregation of 
the amphiphilic copolymer in contact with water [24]. This suggests that the hydrophilicity 
of samples H1 and H2 should improve. This is also consistent with the contact angle 
measurement discussed in the subsequent section.  
 
Figure 3.7. FTIR-ATR spectra of the surface of samples H0, H1 and H2 
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3.4.2.2 SEM images 
The SEM images of cross-sections of pure PVDF (H0) and PVDF/PVDF-g-
POEM (H1 and H2) hollow fibre membranes are shown in Figure 3.8. A typical finger-like 
and sponge-like pore structure can be observed for sample H0; whereas, more and bigger 
macro-voids can be observed for samples H1 and H2 compared to sample H0. As explained 
above, the reason could be fast phase inversion due to the existence of the hydrophilic parts 
of the amphiphilic copolymer in the spinning dope solution. This blend changes the kinetics 
of the phase inversion as it changes the liquid-liquid demixing rate. A similar structure was 
also reported by Hashim et al. for flat sheet membranes produced from PVDF/PVDF-g-
POEM [33]. The presence of the macro-voids in the structure of the fibre reduces the 
mechanical strength of the membrane, as verified by the mechanical strength test results 
discussed in subsequent section.  
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Figure 3.8. SEM images of the cross-section of samples H0, H1 and H2 
The effect of the air gap on the morphology of samples H1 and H2 can be clearly 
observed from the SEM images. Sample H1 has a more symmetric structure compared to 
sample H2 which showed bigger macro-voids from the lumen side than those from the shell 
H1
H0
H2
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side of the hollow fibre. As seen from Table 3.1, sample H1 was spun with a 0 cm air gap. 
Therefore, the phase inversion process started from both shell and lumen at the same time 
and a symmetric structure with the same size macro-voids could be observed. On the other 
hand, sample H2 was spun with a 30 cm air gap and therefore phase inversion started from 
the lumen side first. Afterwards, when the fibre made contact with water in the coagulation 
bath, the phase inversion from the shell side took place. This results in bigger macro-voids 
from the lumen side and small macro-voids from the shell side [12]. 
3.4.2.3 Surface hydrophilicity of the hollow fibres (contact angle measurement)  
The results of contact angle measurement using both tensiometry and sessile drop 
techniques are presented in Table 3.3. The contact angle values of samples H1 and H2 were 
lower than that of H0, which is consistent with the FTIR-ATR spectra suggesting that the 
hydrophilic chains of the amphiphilic copolymer were self-organised on the surface of the 
membranes.  
Table 3.3. Contact angle values measured from tensiometry and sessile drop techniques 
 
Sample Contact angle (°) 
Tensiometry technique 
Contact angle (°) 
Sessile drop technique (time = 0) 
H0 90.1±1.5 87.1±1.1 
H1 65.6±0.7 62.7±1.3 
H2 72.5±0.3 70.3±1.4 
From the contact angle measurement results it can be concluded that the blending 
of the amphiphilic copolymer with the PVDF spinning dope improved the surface 
hydrophilicity of the membranes. Similar results have been reported by other researchers 
[24, 33]. Sample H1 with a 0 cm air gap shows a slightly lower contact angle than for H2. 
This can be explained by the effect of the air gap. Moreover, lower surface hydrophilicity 
could be a result of the surface segregation of the amphiphilic copolymer, which for sample 
H1 was more effective, since the hydrophilic chains were in immediate contact with water as 
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they exited from the spinneret. On the other hand, the outer surface of sample H2 had to 
travel along an air gap length before it came in contact with water [24, 30]. The wetting 
ability of the hollow fibre samples was determined by recording the change in contact angle 
with time (Figure 3.9). As expected, samples H1 and H2 can be wetted at faster rate than 
sample H0, which shows a very small change in the contact angle over the entire time range 
of 180 seconds. Therefore the surface hydrophilicity of samples H1 and H2 has significantly 
improved. The slight difference between contact angle changes against time of samples H1 
and H2 could be the result of either a denser skin layer and/or surface segregation due to the 
different air gaps of the samples, as mentioned before. 
 
Figure 3.9. The change of the contact angle against time for samples H0, H1 and H2 
3.4.2.4 Filtration performance 
The results for pure water flux, dextran MWCO and BSA rejection for spun 
hollow fibre membranes are summarised in Table 3.4, which illustrates that a significant 
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increase in water flux was observed by the addition of 5 wt.% of the amphiphilic copolymer 
to the spinning dope. The pure water flux for pure PVDF hollow fibre membrane  H0  
was very low due to its hydrophobic nature.  
Table 3.4. Pure water flux, dextran MWCO and BSA rejection for samples H0, H1 and H2 
 
Sample Pure Water Flux 
(L.m-
2
.h
-1
) 
Dextran MWCO 
(kDa) 
BSA rejection 
(%) 
H0 0.3±0.1 -- -- 
H1 130.5±5.3 ≈200 83.6±1.8 
H2 115.8±6.8 ≈200 85.8±2.8 
Sample H2 showed lower water flux (115.8 L.m
-2
.h
-1
) in comparison to H1 (130.5 
L.m
-2
.h
-1
). This can be explained either by the formation of a denser skin layer, due to the 
elongational stress caused by the fibre weight and/or less effective surface segregation due 
to a larger air gap as previously explained. The results of dextran MWCO (200 kDa) and 
BSA rejection (>83%) with water flux of 130.5 (L.m
-2
.h
-1
) at a low trans-membrane pressure 
(1 bar) suggested that the spun hollow fibres were in the ultrafiltration range. 
As previously discussed, membranes made from PVDF (with the hydrophobic 
nature) are often susceptible to fouling when applied in water filtration. It was expected that 
by improving the surface hydrophilicity of the prepared membrane, fouling resistance and 
flux recovery would improve after the membrane washing process [38]. Figure 3.10 shows 
the comparison of pure water flux (J0), BSA flux (Jp) and water flux recovery after washing 
of the hollow fibre membranes with water (Jr) for samples H1 and H2. As can be seen from 
Figure 3.10, the water flux recovery for both samples H1 and H2 was higher than 95%, 
which illustrated the high fouling resistance of the samples. 
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Figure 3.10. Pure water flux (J0), BSA flux (Jp) and water flux recovery after the washing process (Jr) for 
samples H1 and H2 
3.4.2.5 Mechanical properties 
The membrane’s mechanical properties are presented in Table 3.5. As expected, 
mechanical strength and elongation was reduced for samples H1 and H2 compared to H0, 
because of macro-void formation due to blending an amphiphilic copolymer with the dope 
solution. Nevertheless, the mechanical properties of samples H1 and H2 were high enough 
to be used in ultrafiltration as the fibres could withstand 3 bars during the water permeation 
test without bursting and both samples showed more than 140% of elongation. Sample H2 
showed higher stress and lower elongation than sample H1. This could be due to the 
formation of denser or more oriented skin caused by the elongational stress at a high air gap 
length of 30 cm. Thus, increased orientation at a higher air gap results in higher strength for 
H2 fibres over H1.  
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Table 3.5. Mechanical properties of samples H0, H1 and H2 
 
Sample Maximum Load 
(N) 
Maximum Stress 
(MPa) 
Elongation 
(%) 
H0 2.5±0.1 8.5 408.1±11.3 
H1 1.1±0.1 2.2 232.1±8.2 
H2 1.5±0.2 2.5 142.3±10.5 
 
3.5 Effects of spinning parameters on hydrophilic PVDF hollow fibre 
membranes with low PVDF-g-POEM contents 
In order to improve the morphology and properties of the PVDF hollow fibres, a 
study was done of effect of spinning parameters, such as extrusion rate, internal coagulant 
composition and air gap lengths on the produced hollow fibres membranes from different 
PVDF-g-POEM contents. 
3.5.1 Spinning dope preparation 
The spinning parameters for the different batches of PVDF/PVDF-g-POEM blend 
are presented in Table 3.6, which shows three different batches of hollow fibres with 
different contents of PVDF/PVDF-g-POEM (i.e. 15/5 wt.% (Samples HS1-HS4), 18/6 wt.% 
(samples HSB1-HSB4) and 20/5 wt.% (samples HSC1-HSC4)) on which the effects of the 
extrusion rate, bore fluid composition and air gap on their morphology and the performance 
were studied. In order to investigate the effect of the presence of the copolymer on the 
produced hollow fibres, pure PVDF hollow fibres with different extrusion rate were also 
prepared (samples S1-S4, Table 3.6). 
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Table 3.6. Spinning parameters of the PVDF hollow fibres with different amounts of PVDF-g-POEM 
 
Sample PVDF 
(wt.%) 
PVDF-g-POEM  
(wt.%) 
Dope Viscosity 
(cP) 
Extrusion Rate 
(mL/min) 
Bore Fluid 
(v%) 
Bore fluid rate  
(mL/min) 
Air Gap  
(cm) 
S1 20 0 2310±10 2.5 Water 0.5 5 
S2 20 0 “ 5.0 Water 1.2 5 
S3 20 0 “ 10.0 Water 2.5 5 
S4 20 0 “ 20.0 Water 5.0 5 
HS1 15 5 3556±10 2.5 30% DMAc/Water 1.5 0 
HS2 15 5 “ 5.0 30% DMAc/Water 2.5 0 
HS3 15 5 “ 10.0 30% DMAc/Water 4.0 0 
HS4 15 5 “ 15.0 30% DMAc/Water 6.0 0 
HSB1 18 6 6530±20 2.5 Water 2.0 2 
HSB2 18 6 “ 5.0 Water 3.5 2 
HSB3 18 6 “ 10.0 Water 5.5 2 
HSB4 18 6 “ 20.0 Water 11.0 2 
HSC1 20 5 8760±30 2.5 Water 1.0 30 
HSC2 20 5 “ 5.0 Water 2.5 30 
HSC3 20 5 “ 10.0 Water 5.0 30 
HSC4 20 5 “ 20.0 Water 10.0 30 
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3.5.2 Hollow fibre characterisations 
3.5.2.1 SEM micrographs 
SEM micrographs for hollow fibre membranes are presented in Figure 3.11-3.14. 
In general, by increasing the extrusion rate, the finger-like pores became longer and 
narrower (Figure 3.11) because the time during which the solution was exposed to the air 
became shorter and the outer surface consequently contacted with water in a shorter time, so 
that phase inversion started from both the lumen and shell sides at almost the same time. 
Moreover, by increasing the extrusion rate, the shear stress inside the spinneret increases and 
the polymer chains become oriented along the fibre length, thus causing the polymer chains 
to become more compact [39]. Consequently, the exchange of water and solvent becomes 
more difficult and the phase inversion rate reduces. Furthermore, since a higher amount of 
the polymer exits the spinneret at higher extrusion rates, the dimensions of the fibre become 
larger, which also can be seen in the SEM images. 
The SEM images for samples HS1-HS4 are shown in Figure 3.12. Although a 0 
cm air gap was used for these samples, the fibres had an asymmetric structure because of the 
30% solvent (DMAc) in the internal coagulant. Adding solvent in the internal coagulant 
causes the phase inversion process from the lumen side to slow, thus producing smaller 
finger-like pores and more sponge-like pores [40]. By increasing the extrusion rate, voids 
and fingers from the shell side became smaller; which could be due to the higher compaction 
of the polymer chains and increasing wall thickness. Figure 3.13 illustrates the SEM images 
for samples HSB1-HSB4. The spinning dope for these samples contained PVDF/PVDF-g-
POEM proportion of 18:6 wt.% (Table 3.6), which exhibited a higher viscosity compared to 
samples HS1-HS4, while at the same time maintain the same proportion of PVDF/PVDF-g-
POEM in the final hollow fibre of 3:1. As can be seen from the SEM images, the finger-like 
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pores near the outer surface became smaller and less developed by increasing the extrusion 
rate. Since there was no air gap, the reason for this could be compaction of the polymer 
chains and consequently, more difficult exchange of water and solvent, slower phase 
inversion and/or the higher wall thickness of the fibre. The presence of the hydrophilic part 
of the amphiphilic copolymer in the spinning dope causes a higher affinity to water during 
the phase inversion process which results in a faster phase inversion rate and consequently 
bigger fingers and macro-voids. 
It was shown that in order to reduce macro-voids in the hollow fibre structure, the 
tension caused by the spinneret on the polymer chains should be released, resulting in a 
critical air gap at which the relaxation could take place [41]. On the other hand, as discussed 
above, by using a higher air gap, surface segregation would be less effective. By using a 0 
cm air gap, the tension inside the fibre cannot be released; therefore, a 2 cm air gap was used 
for samples HSB1-HSB4. By using 2 cm air gap, still the symmetric structure of the fibre 
could be observed. By increasing the extrusion rate, the porosity of the inner layer 
significantly increased, hence the higher water flux. 
The SEM images of the cross-sections and inner and outer surfaces of samples 
HSC1-HSC4 are presented in Figure 3.14. In order to reduce the macro-void sizes and 
numbers, the dope viscosity was increased by using more amount of PVDF (20%). The 
higher the viscosity, the lower the rate of solvent and non-solvent exchange and the resultant 
lower rate of phase inversion. Moreover, as mentioned above, spinning at higher air gaps 
should reduce macro-voids since the polymer chain tension could be released. A typical 
asymmetric structure could be seen with larger and more developed finger-like pores from 
the lumen side. Although the amount of the copolymer in the dope was low, still micro-
voids and finger-like pores could be observed. By increasing the extrusion rate, the finger-
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like pores from the lumen side became smaller and less developed due to the slower rate of 
phase inversion at higher extrusion rate. On the other hand, because of the 30 cm air gap at 
low extrusion rates, shell side fingers were small, but by increasing the extrusion rate the 
fingers grew larger and more developed. This is due to less exposure time to the air in higher 
extrusion rates. At the highest extrusion rate, a symmetric structure was observed. 
 
Figure 3.11. SEM images of the cross-sections of samples S1-S4
S1
S2
S3
S4
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Figure 3.12. SEM images of the cross-sections and inner and outer surfaces of samples HS1-HS4 
HS1 Outer surface Inner surface
HS2 Outer surface Inner surface
HS3 Outer surface Inner surface
HS4 Outer surface Inner surface
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Figure 3.13. SEM images of the cross-sections and inner and outer surfaces of samples HSB1-HSB4 
HSB1 Outer surface Inner surface
HSB2 Outer surface Inner surface
HSB3 Outer surface Inner surface
HSB4 Outer surface Inner surface
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Figure 3.14. SEM images of the cross-sections and inner and outer surfaces of samples HSB1-HSB4 
 
HSC1 Outer surface Inner surface
HSC2 Outer surface Inner surface
HSC3 Outer surface Inner surface
HSC4 Outer surface Inner surface
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3.5.2.2 Surface hydrophilicity of the hollow fibres (contact angle measurement)  
The sessile drop method was used to measure the water contact angle as an 
indication of hollow fibre surface hydrophilicity and the results are presented in Figure 3.15. 
As expected, contact angle values of samples S1-S4 are higher than 85° because of the 
hydrophobic nature of the PVDF. The contact angle for all of the samples with copolymer 
was lower than 85°, which indicated that the surface hydrophilicity of the fibres had 
improved. It seems that the extrusion rate did not have a significant effect on surface 
hydrophilicity in samples HS1-HS4 and HSB1-HSB4. However a slight change in the 
contact angle can be observed for samples HSC1-HSC4. By increasing the extrusion rate, 
contact time with the air for the outer surface of the as-spun polymer would be shorter, 
which may have improved surface segregation. Samples HS1-HS4 exhibited lower contact 
angle values compared to samples HSB1-HSB4 and HSC1-HSC4. This could be the result 
of lower viscosity and consequently more effective surface segregation. 
 
Figure 3.15. Contact angle measurement for PVDF hollow fibres with low content of PVDF-g-POEM 
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3.5.2.3 Filtration performance 
The results of filtration performance including pure water flux, dextran MWCO, 
BSA rejection and water flux recovery after washing the module with water are summarised 
in Table 3.7. 
Table 3.7. Water flux, dextran MWCO, BSA rejection and water flux recovery for hydrophilic PVDF 
hollow fibre membranes. 
 
Sample Pure Water Flux 
(L.m
-2
.h
-1
) 
Dextran MWCO 
(kDa) 
BSA rejection 
(%) 
Flux recovery 
(%) 
S1 0.3±0.1 -- -- -- 
S2 0.3±0.1 -- -- -- 
S3 0.2±0.1 -- -- -- 
S4 0.2±0.1 -- -- -- 
HS1 130.1±4.2 ≈200 83.5±1.8 97.2±1.6 
HS2 132.4±5.1 ≈200 84.2±1.4 97.1±2.1 
HS3 168.9±5.7 ≈300 78.4±2.4 97.3±1.4 
HS4 175.3±7.2 ≈300 77.3±1.5 96.4±3.1 
HSB1 120.3±4.3 ≈200 86.4±2.3 96.7±1.4 
HSB2 136.7±5.2 ≈200 83.3±1.4 95.4±1.8 
HSB3 179.0±7.4 ≈300 79.3±3.6 96.1±1.3 
HSB4 358.3±8.5 ≈500 68.4±2.4 95.1±0.7 
HSC1 105.0±7.5 ≈150 89.6±1.8 94.1±1.2 
HSC2 106.7±6.4 ≈150 88.9±1.6 95.1±1.6 
HSC3 109.7±3.2 ≈150 88.3±2.1 95.4±2.4 
HSC4 215.3±6.3 ≈300 71.3±3.2 97.5±3.1 
As expected, pure water flux for pure PVDF hollow fibre membranes was very 
low. Therefore other tests such as MWCO, BSA rejection and flux recovery were not 
performed for samples S1-S4. Compared to pure PVDF membranes, using PVDF-g-POEM 
as a blend to produce hollow fibres, significantly improved the pure water flux. As a general 
trend, by increasing the extrusion rate, water flux and MWCO increased. This could be due 
to the higher lumen porosity (as observed from the SEM images) and/or more effective 
surface segregation for samples HSC1-HSC4. Sample HSB4 had the highest water flux of 
385.3 (L.m
-2
.h
-1
) with dextran MWCO of 500 (kDa) and HSC2 had the lowest water flux of 
105 (L.m
-2
.h
-1
) with dextran MWCO of 150 (kDa). The low MWCO for samples HSC1-
116 
 
HSC3 could be due to the higher air gap (explained above) and/or the higher amount of 
PVDF in the spinning dope. 
All the samples exhibited water flux recovery higher than 94% after washing with 
water and it seemed that the spinning parameters did not have a significant effect on flux 
recovery. The results suggested that the hydrophilic PVDF samples provided high fouling 
resistance.  
3.5.2.4 Mechanical properties 
As previously mentioned, by increasing the extrusion rate the chains become more 
oriented along the fibre length and more compact, which increases the maximum load that 
the fibre can withstand. On the other hand, since polymer chains in the compact structure 
cannot move, elongation decreases. Table 3.8 shows the mechanical properties for PVDF 
hollow fibres with low contents of PVDF-g-POEM. 
Table 3.8. Mechanical properties for the PVDF hollow fibres with low contents of PVDF-g-POEM 
 
Sample Maximum Load 
(N) 
Maximum Stress 
(MPa) 
Elongation 
(%) 
S1 1.3±0.1 17.5 432.9±11.2 
S2 2.5±0.1 8.52 408.0±10.5 
S3 2.7±0.2 8.27 303.6±7.3 
S4 3.0±0.2 5.9 167.5±9.5 
HS1 1.3±0.1 3.8 176.4±6.4 
HS2 1.8±0.1 4.1 108.4±8.5 
HS3 1.8±0.2 2.2 56.8±6.5 
HS4 1.8±0.1 3.2 45.6±5.6 
HSB1 1.2±0.2 4.5 270.5±9.6 
HSB2 1.7±0.1 2.8 107.9±7.3 
HSB3 1.6±0.1 2.0 71.9±8.1 
HSB4 1.9±0.1 1.8 52.4±9.6 
HSC1 1.2±0.2 3.8 206.6±8.6 
HSC2 1.8±0.2 3.8 201.1±11.4 
HSC3 2.3±0.2 6.2 198.4±12.7 
HSC4 2.3±0.3 3.8 179.6±8.9 
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Using PVDF-g-POEM as a blend in PVDF membranes causes macro-voids and 
large finger-like pores to form, which results in reduced mechanical strength and elongation 
in hollow fibres. As seen from the table, samples S1-S4, which were pure PVDF 
membranes, showed excellent maximum stress and a very high elongation. By increasing the 
extrusion rate, due to improved packing of the polymer chains, the maximum load increased. 
However, wall thickness increased at the same time, meaning that this trend could not be 
clearly differentiated from fibre’s maximum stress. Nevertheless, this trend of decreasing 
elongation by increasing extrusion rate can clearly be seen from Table 3.8. 
3.6 Effect of addition of high contents of PVDF-g-POEM on the 
membrane properties 
In order to improve the hydrophilic PVDF hollow fibres the effect of blending 
large amounts of PVDF-g-POEM was also investigated and hollow fibres with pure PVDF-
g-POEM was also produced. 
3.6.1 Spinning dope preparation 
The spinning parameters for samples with high amounts of PVDF-g-POEM 
blends are presented in Table 3.9. The spun hollow fibres were post-treated and 
characterised in a similar way to previous procedures. 
3.6.2 Hollow fibre characterisations 
3.6.3 SEM micrographs 
SEM images of cross-sections and inner and outer surfaces of samples HC1-HC4, 
COP1 and COP2 are presented in Figures 3.16-3.19.  
The morphological structure of sample HC1 is shown in Figure 3.16. HC1 had 
macro-voids at the lumen and shell sides of the membrane and such macro-voids known to 
form through a rapid coagulation process. However, a dense, sponge-like layer existed in the 
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middle. Although the dope viscosity was increased, since the amount of the copolymer was 
increased at the same time, the macro-voids formed, but compared to membranes with low 
contents of PVDF-g-POEM, the size of the macro-voids seemed reduced, which could be 
due to the higher dope viscosity. 
The SEM images of the morphological structure of samples HC2 and HC3 are 
presented in Figure 3.17. Both samples showed crystal structures, thus lowering their degree 
of elongation. This suggested that liquid-liquid demixing was suppressed during the 
precipitation process, and crystallisation was dominant. Since PVDF is a semi crystalline 
polymer, it may have undergone both liquid-liquid demixing and solid-liquid demixing 
(crystallisation). Crystallisation is likely to be affected by kinetic factors, such as 
temperature and spinning parameters [42]. 
HC2 exhibited an asymmetric structure with larger macro-voids at the lumen side. 
These macro-voids appeared to be inward-pointing macro-voids. According to Widjojo and 
Chung [43], such macro-voids are generally caused by local surface instability, skin rupture 
and convective flow throughout the coagulation process. During coagulation, the solvent 
from the casting solution depletes rapidly when the non-solvent coagulant intrudes. Thus, 
while the semi coagulated membrane skin contracts and reseals the intrusion points (as a 
result of fluid elasticity), macro-voids are formed because of the nucleation of depleted 
solvent in the polymer-lean phase. 
 
.
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Table 3.9. Spinning parameters of the PVDF hollow fibres with high amounts of PVDF-g-POEM 
 
Sample PVDF 
(wt.%) 
PVDF-g-POEM  
(wt.%) 
Dope Viscosity 
(cP) 
Extrusion Rate 
(mL/min) 
Bore Fluid 
(v%) 
Bore fluid rate  
(mL/min) 
Air Gap  
(cm) 
HC1 20 10 40300±10 2.5 Water 1.2 20 
HC2 27 9 56220±20 2.0 Water 1.0 20 
HC3 27 9 56220±30 2.0 80% DMAc/water 0.5 4 
HC4 15 15 31760±10 2.0 Water 1.0 20 
Cop1 0 30 15250±30 2.0 Water 1.0 20 
Cop2 0 30 15250±20 2.0 20% DMAc/water 1.0 20 
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Figure 3.16. SEM images of cross-sections and inner and outer surfaces of sample HC1 
HC3 exhibited finger-like structures spanning the inner and outer layers of 
the membrane. This could be the effect of the internal coagulant, which contained a 
mixture of solvent and water instead of pure water. A solvent containing internal 
coagulant could aggravate the rapid diffusion/depletion of the solvent within the 
dope composition and bore fluid, thus rupturing the polymer-lean nuclei, resulting in 
larger macro-voids. In addition, pores were observed on the inner layer surface. This 
was the result of tension from the existence of crystal structures through the 
crystallisation of PVDF. Pores were not observed at the outer layer as the slower 
coagulation rate allowed the polymeric chains to have more time to relax and re-
orientate themselves [44]. 
HC1 Outer surface Inner surface
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Figure 3.17. SEM images of cross-sections and inner and outer surfaces of samples HC2 and HC3 
The structure of HC4 is illustrated in Figure 3 . 1 8 , which exhibited an 
asymmetric structure. With 15% of copolymer in the dope solution, this sample 
showed finger--‐like structures but, HC4 did not have crystals; hence its elongation 
was higher than samples HC2 and HC3. Inward-pointing macro-voids were 
observed at the inner layer but, in contrast to HC2 and HC3, showed inward--‐
pointing finger--‐like structure emerging from the shell side of the membrane. 
Generally, such macro-voids are caused by non-solvent intrusion as a result of 
liquid--‐liquid demixing, an outer membrane skin rupture and instability of the local 
surface [43]. 
HC2 Outer surface Inner surface
HC3 Outer surface Inner surface
122 
 
Increasing the PVDF concentration from 15 to 27 wt.% and 
simultaneously decreasing the copolymer concentration from 15 to 9 wt.% 
highlighted changes in membrane morphology. As the PVDF/PVDF--g-‐POEM 
composition ratio changed from 1:1 to 3:1, inner and outer macro-void formation 
was suppressed. There was also a structural transition from large macro fingers on 
the inner and outer membrane layer to smaller macro-voids on the inner and outer 
layer, with a sponge--like layer in the middle. However, as the PVDF/PVDF-‐g-‐
POEM ratio reached 3:1, macro-void formation was no longer suppressed and they 
span from the inner and outer surfaces of the membrane. Macro-void suppression 
can be explained by the increase in dope viscosity, thus reducing the exchange rates 
of solvent and non-solvent and leading to greater diffusion resistance from polymer 
aggregation. This phenomenon was also observed by Yuliwati and Ismail [45]. In 
addition, the decrease in the amount of copolymer meant that there were less 
hydrophilic components in the membrane, thus lowering the solvent/non-solvent 
exchange rate and resulting in a more sponge-like structure. 
 
Figure 3.18. SEM images of cross-sections and inner and outer surfaces of sample HC4 
On the other hand, by increasing the polymer/copolymer ratio to 3:1, the 
presence of finger-like structures in the membrane increased. However, despite the 
HC4 Outer surface Inner surface
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higher viscosity in HC2 and HC3, macro-voids were not reduced. This could be the 
effect of the high amounts of hydrophilic components in the spinning dope and 
increased affinity to water, which caused fast liquid-liquid demixing. Another reason 
could be the short air gap length (4 cm with HC3). In general, a greater air gap length 
suppresses macro-void formation and promotes a denser sponge-like membrane 
structure, because the fibre diameter shrinks rapidly during spinning, due to the 
elongational stress and resulting in tighter molecular packing. With a shorter air gap 
length, the fibre is immersed in the non-solvent coagulation bath almost immediately 
after exiting the spinneret, which results in a less oriented and looser polymeric chain 
interaction, thus giving rise to macro-voids [46]. Although HC2 had a relatively 
larger air gap length (20 cm), macro-voids were not reduced, which could be due to 
the reorientation of the polymer molecules into the crystalline lattice, resulting in 
disruption of local surface stability to bring about rupture and macro-void formation. 
The pure copolymer membranes did not have macro-voids (Figures 3.19) 
and a few factors may have contributed to such a structure, including 1) critical 
polymer concentration/composition, 2) critical air gap length, and 3) critical spinning 
dope viscosity. These factors work together, leading to tightly packed polymer chains 
and ultimately resulting in finger free membrane structures [47]. Moreover, samples 
COP1 and COP2 exhibited crack-like structures, which could have arisen from 
surface instability and skin rupture of the membrane during the coagulation process, 
as the viscosity of the dope solution was not very high. Another reason behind such a 
structure could be the homogenous hydrophilicity of the dope solution, the dope was 
prepared from one amphiphilic component and not a hydrophobic component added 
to the solution. 
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Figure 3.19. SEM images of cross-sections and inner and outer surfaces of samples COP1-COP2 
3.6.3.1 Surface hydrophilicity of hollow fibres (contact angle measurement) 
The contact angle values for each hollow fibre, measured by using sessile 
drop method, are shown in Figure 3.20. As seen in Figure 3 .20 , all of the hollow 
fibres had contact angles o f  less than 75° due to the copolymer blend, for 
instance, samples HC1-HC4 had contact angles in the range of 60 --75°. In 
general ,  contact angle is dependent on a number of factors, such as surface 
hydrophilicity/hydrophobicity, pore size, pore size distribution and surface 
roughness [48]. In addition, a dense top layer was observed in the SEM 
micrographs, which results in a higher contact angle value. The pure copolymer 
membranes had the smallest contact angles, indicating that they were more 
hydrophilic than the PVDF/copolymer blend membranes.  
Outer surface Inner surfaceCOP1
Outer surface Inner surfaceCOP2
125 
 
 
Figure 3.20. Contact angle values for samples HC1-HC4, COP1 and COP2 
 
The results also showed that as the amount o f  PVDF increased, the 
contact angle increased. The contact angle decreased with a higher proportion of 
copolymer in the spinning dope solution. Since the copolymer is amphiphilic, 
increasing the amount of copolymer in the solution will increase surface 
hydrophilicity. As PVDF is hydrophobic, a higher amount of PVDF in the 
membrane will decrease hydrophilicity of the membrane surface. 
3.6.3.2 Filtration performance 
The pure water flux, dextran MWCO, BSA rejection and water flux 
recovery values for samples HC1-HC4, COP1 and COP2 are summarised in Table 
3.10. These membranes exhibited relatively lower water flux and very low MWCO 
compared to those with low contents of PVDF-g-POEM, which could be due to a 
dense layer formation resulting from a high copolymer content. The results illustrate 
that samples COP1 and COP2 showed a very low water flux with a very low 
MWCO. All of the samples had BSA rejection higher than 90% suggesting that these 
membranes are suitable for a very tight ultrafiltration processes. Due to the surface 
HC1 HC2 HC3 HC4 COP1 COP2
0
10
20
30
40
50
60
70
C
o
n
ta
ct
 a
n
g
le
 (
°)
Sample
126 
 
hydrophilicity, the flux recovery of the samples was higher than 95% after washing 
with water indicating that the fouling resistance of the hollow fibres significantly 
improved. 
Table 3.10. Pure water flux, dextran MWCO, BSA rejection and water flux recovery values for 
samples HC1-HC4, COP1 and COP2 
 
Sample 
 
Water Flux 
(L.m
-2
.h
-1
) 
Dextran 
MCWCO 
(kDa) 
BSA 
rejection 
(%) 
Flux recovery 
(%) 
HC2 53.14±5.7 ≈40 >90 94.1±2.4 
HC3 42.02±6.3 ≈150 >90 93.5±1.7 
HC5 105.39±4.7 ≈70 >90 95.4±2.6 
Hc7 6.42±1.3 ≈6 >90 91.1±0.6 
Cop 1 15.84±2.9 ≈6 >90 96.3±2.7 
Cop 3 12.73±4.7 ≈6 >90 97.2±2.1 
3.6.3.3 Mechanical properties 
The mechanical properties of samples HC1-HC4, COP1 and COP2 are 
summarised in Table 3.11. As can be seen from Table 3.11, samples HC2 and HC3 
exhibited very low elongation due to their crystalline structure; nevertheless sample 
HC2 showed maximum stress of about 5.5 MPa, which indicated that the crystals 
were connected. Samples COP1 and COP2 showed excellent elongations of 684 % 
and 568 %, respectively. The range of the stress and elongation suggested that the 
samples were suitable for low pressure filtration processes such as ultrafiltration, 
except for samples HC2 and HC3.  
Table 3.11. Mechanical properties of samples HC1-HC4, COP1 and COP2 
 
Sample Maximum Load 
(N) 
Maximum Stress 
(MPa) 
Elongation 
(%) 
HC1 1.7±0.1 4.5 142.2±11.5 
HC2 2.0 ±0.2 5.6 64.2±8.6 
HC3 0.9±0.1 3.6 27.6±6.4 
HC4 1.3±0.1 3.0 356.0±10.1 
COP1 1.1±0.2 5.1 684.1±14.1 
COP2 0.8±0.1 3.7 568.3±12.8 
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3.7 Conclusions 
The amphiphilic copolymer PVDF-g-POEM was synthesised using a 
newly developed ATRP method. The new and simplified method was introduced to 
purify and dry the copolymer using water instead of volatile and toxic solvents. The 
purified copolymer was blended with the spinning dope to produce modified PVDF 
hollow fibre membranes. The surface composition and contact angle measurements 
of the prepared hollow fibres using the amphiphilic copolymer as the blend showed 
that hydrophilicity of the membrane surface was significantly improved. The 
modified hollow fibres exhibited water flux of 130.5 and 115.8 L.m
-2
.h
-1
 with a 
dextran MWCO of 200 kDa for samples H1 and H2, respectively at a trans-
membrane pressure of 1 bar, which suggested that they were suitable for 
ultrafiltration. Flux recovery of over 95% after flux decline due to protein circulation 
was achieved by washing the membranes with water illustrating that the fouling 
resistance of the modified hollow fibre membranes improved considerably.  
The effect of the spinning process on hydrophilic PVDF membranes with 
low contents of PVDF-g-POEM (5 - 6%) was also studied. The results indicated that 
by increasing the extrusion rate, polymer chain orientation and chain compaction 
increased resulting in increased maximum stress of the fibre and decreased 
elongation. Moreover, by increasing the extrusion rate, the wall thickness of the fibre 
increased and due to the tension inside the spinneret, porosity of the lumen side 
increased. By mixing solvent in the internal coagulant, the finger-like pores from the 
inner layer changed to sponge-like pores and by changing the spinning parameters, a 
wide range of hydrophilic hollow fibres was obtained with water fluxes from 385.3 
(L.m
-2
.h
-1
) and dextran MWCO of 500 (kDa) (sample HSB4) to 105 (L.m
-2
.h
-1
) and 
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dextran MWCO of 150 (kDa)(sample HSC2). The hydrophilicity of all the hollow 
fibres with a blend of PVDF-g-POEM improved. 
The effect of the presence of a high PVDF-g-POEM content (7 - 100%) on 
the morphology and properties of the hydrophilic PVDF membrane was also 
investigated. The hydrophilicity of the resultant membranes improved, but, possibly 
due to the formation of dense skin layers, water flux was not high. Nevertheless, the 
very low MWCO, along with high water flux recovery after washing the module with 
water (higher than 95%) suggested that these membranes were suitable for very tight 
ultrafiltration processes. 
In general, by adding PVDF-g-POEM to the PVDF spinning dope, the 
hydrophilicity, water flux and fouling resistance of the produced hollow fibres 
improved. By changing the copolymer contents, internal coagulant composition and 
spinning parameters, a wide range of PVDF-based hollow fibres in the range of very 
tight to loose ultrafiltration membranes were obtained.  
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CHAPTER 4 Fabrication of PVDF ultrafiltration 
membrane using nano γ-Al2O3 as an additive 
4.1 Abstract 
PVDF based ultrafiltration membranes were prepared from a PVDF/nano 
γ-Al2O3 complex suspension where the γ-Al2O3 was well-dispersed and the effect of 
nano γ-Al2O3 concentration on membrane performances was investigated. Surface 
chemical compositions, surface and cross-section morphologies, and hydrophilicity 
of the membranes were characterised by Fourier transform infrared spectroscopy 
(FTIR), differential scanning calorimeter (DSC), scanning electron microscopy 
(SEM) and contact angle measurement, respectively. The mechanical strength of the 
membranes was also investigated. Permeation experiments were conducted to 
evaluate the water flux. Both static and dynamic BSA fouling resistance 
performances were investigated. All of the experimental results indicated that the 
new PVDF ultrafiltration membranes demonstrated better separation performances 
than pure PVDF membranes. 
4.2 Introduction 
Modification of PVDF membranes has been extensively investigated to 
improve hydrophilicity and fouling resistance. Surface modification and blending 
techniques are mostly adapted due to their versatile controlling conditions. Surface 
modification methods include plasma [1-3], UV [4-7], electron beam surface induced 
grafting polymerisation [8-11], and surface living/controlled radical polymerisation 
[12-18]. Blending methods usually involve some amphiphilic copolymers, which 
need to be synthesised elaborately through ATRP [19-21] or reversible addition-
fragmentation chain transfer polymerisation (RAFT) [3, 22] living/controlled radical 
polymerisation. Besides the amphiphilic copolymers, inorganic particles, such as 
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Al2O3, SiO2, TiO2, ZrO2, Fe3O4, LiOCl4 and CdS, were also blended in the PVDF 
solution in fabricating organic/inorganic hybrid membranes. Among these inorganic 
materials, Al2O3 particles received much attention due to their stability, availability, 
hydrophilicity and suitable mechanical strength. However, most of studies focused 
on the physical blending of Al2O3, which highlighted a potential problem in that 
Al2O3 particles may not be well dispersed in the polymer solution even at low 
concentrations. Particle segregation may take place during the preparation, resulting 
in poor performances of the resultant membranes. Nano γ-Al2O3 particles were of 
particular interest due to their surface activity, high adsorptive ability and surface 
enrichment of reactive functional hydroxyl groups, which can further endow the 
membrane with enhanced hydrophilicity and fouling resistance. It has been shown 
that PVDF is resistant in acid, but susceptible in strong alkali solutions, such as 
concentrated sodium hydroxide [17, 23] due to the formation of conjugated double 
bonds, resulting in a visual change in colour  from white to yellow and then dark 
brown  and final disintegration of the membrane. However, a suitable alkaline 
environment can be adjusted to design PVDF membranes with desirable properties 
such as hydrophilicity, good fouling resistance and filtration performances [24].  
In this study, it was demonstrated that a small amount of basic nano γ-
Al2O3 particles could directly modify the PVDF chain by a grafting reaction without 
adding extra alkaline. In addition, the reaction between γ-Al2O3 particles, containing 
substantial amount of hydroxyl groups (OH
-
), and PVDF could be catalysed by some 
acids. Thus, a stable PVDF/nano γ-Al2O3 complex solution could be obtained 
according to the suggested mechanism shown in Figure 4.1.  
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Figure 4.1. Scheme of reaction between γ-Al2O3 and PVDF during the preparation of complex 
suspension 
It was envisaged that by controlling the amount of the PVDF/ nano-γ-
Al2O3 complex in the bulk PVDF solution, a hydrophilic and anti-fouling PVDF 
ultrafiltration membrane could be prepared in one step via a conventional phase 
inversion technique because the hydrophilic PVDF/nano-γ-Al2O3 complex can be 
segregated onto the membrane surface during the immersion step. The surface 
chemical compositions, morphologies, porosities, hydrophilicity and mechanical 
strength of the resultant membranes were investigated and the flux and filtration 
performances were also examined in details. 
4.3 Experimental  
4.3.1 Materials 
Commercial PVDF (Kynar® K-761) was dried at 60 °C for 24 hours 
before use and γ-Al2O3 particles (20nm, 99+%) were purchased from Alfa Aesar. 1-
methyl-2-pyrrolidinone (NMP) was purchased from Sigma Aldrich. Sulphuric acid 
(H2SO4) was obtained from VWR International Ltd. UK. Bovine serum albumin 
(BSA Fraction V, Mn=67,000) and phosphate-buffered saline (PBS solution, 
pH=7.4) were purchased from Sigma Aldrich, UK. All other chemicals, unless 
otherwise stated, were obtained from commercial sources and used as received. 
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4.3.2 Preparation of complex solution and membrane 
PVDF Polymer was dissolved in NMP (15%) at 70 °C and stirred for 24 
hours to obtain a homogenous PVDF solution (60 g). Different amounts (0%, 1%, 
2% and 4% based on the solution weight) of γ-alumina was added to the PVDF 
solution and the mixture was stirred for 24 hours at 70 °C until a uniform purple-pink 
suspension was obtained. Then sulphuric acid (7.5 g, 98%) was added and the 
mixture was stirred at 70 °C until the colour of the solution disappeared and the final 
complex solution was obtained. The complex solution was then cast onto a glass 
plate to produce a flat sheet membrane via the phase inversion method. The 
fabricated membrane was immersed into fresh de-ionized water to remove all the 
residual solvent before all characterizations. The wet membrane was directly used to 
measure the filtration performance. The remaining membrane was dried in the air at 
room temperature for other characterizations. Tables 4.1 and 4.2 show the 
compositions of each mixture and membrane casting parameters, respectively.  
Table 4.1. PVDF/γ-Al2O3 membranes with different composition 
 
1: The percentage of γ Alumina is based on the total amount of PVDF solution (60g) 
  
Sample. 
PVDF  
(wt.%) 
NMP 
(wt.%) 
γ-Alumina1 
(wt.% ) 
H2SO4 
(g) 
M0 15 85 0 7.5 
M1 15 85 1 7.5 
M2 15 85 2 7.5 
M3 15 85 4 7.5 
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Table 4.2. Casting parameters for flat sheet membranes 
 
Casting thickness 150μm 
Casting Temp. 20ºC 
Casting speed 4cm/s 
Evaporation time 5s 
Coagulation bath DI water 
Coagulation bath Temp. 20ºC 
4.3.3 Membrane characterisations  
Viscosity of the complex solution was measured by rheometer (Physica, 
UDS200) at shear rates of between 0.1 S
-1
 and 100 S
-1
 prior to the membrane casting. 
Fourier transform infrared attenuated total reflection (FTIR-ATR) 
spectrometer (Perkin Elmer) was used to detect chemical compositions of the 
membrane’s top surface before and after acid treatment. The samples were placed on 
the sample holder and all spectra were recorded in the wave number range of 4000-
500 cm
-1
 by cumulating 32 scans at a resolution of 2 cm
-1
. 
The thermal behaviour of the membrane was determined using a 
differential scanning calorimeter (DSC) (Pyris-1, Perkin Elmer, Beaconsfield, UK). 
To achieve a near-equilibrium structure prior to DSC analysis, the samples were 
preconditioned in the calorimeter by heating from 25 °C to 250 °C at 10 °C/min, 
holding at 250 °C for 10 minutes, cooling to 25 °C at 10 °C/min and then heating 
from 25°C to 250°C at 10 °C/min. DSC thermograms were then obtained for the last 
cycle. 
Morphological structures of the prepared PVDF membranes were 
examined by scanning electron microscope (SEM, JSM-5610LV, JEOL, Tokyo, 
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Japan). The cross-section samples were fractured in liquid nitrogen. Both the surface 
and cross-section of the samples were gold sputtered for 3 minutes before 
observation. The mechanical properties of the membranes were determined using a 
tensile tester (Instron-4466) with a stretching rate of 8.33×10-5 m/s at room 
temperature (20°C). Each sample was cut into 10 cm×2cm, and the thickness of the 
sample was measured according to the SEM pictures.  
The hydrophilicity of the membrane was determined by measuring the 
contact angle of the membrane top surface. To achieve the real hydrophilicity of the 
porous membrane, the contact angle change with the drop age was recorded using the 
Drop Shape Analyser (DSA 10 MK2, Krüss GmbH, Hamburg, Germany). 
Water permeation of the membrane was measured in a circular 5 cm dead 
end filtration cell. The measuring protocol was as follows: the membrane was 
compacted at 1.5 bar to get a steady flux for the first 40 minutes; then the flux was 
recorded at 1 bar every 5 minutes, with at least 5 readings collected to obtain an 
average value. Thereafter, pure water was changed to a 0.1g/L BSA solution in PBS 
(pH=7.4) and the permeate flux profile with time was recorded to determine the 
dynamic fouling resistance of the membrane. BSA concentrations of both the feed 
and permeate solution were measured by UV-VIS spectrophotometer (UV-2101PC, 
Shimadzu, UK) at 280 nm. The rejection of BSA was calculated using the following 
equation: 
100)1((%)
1
0 
A
A
R                                                                                          Eq. 4.1 
where A1 is the absorption value of the feed solution, and A0 is the absorption value of 
the permeate solution. 
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For the static adsorption fouling experiment, the membrane was immersed 
in a solution of BSA/PBS (1g/L, pH=7.4) and stirred for 24 hours. Thereafter, the 
membrane was removed and rinsed with water for a few seconds and repeated twice. 
Then, the recovered water flux, J1 was measured again. The evaluation of membrane 
performance was expressed in term of the relative flux reduction (RFR) as follows: 
100)1((%)
0
1 
J
J
RFR                                                                                     Eq. 4.2 
To wash away γ-Al2O3 particles that were physically blended with the 
membrane, an acid washing (sulphuric acid for 5 hours) followed by soaking in water 
(for 1 hour) was performed. SEM micrographs and pure water flux were obtained 
before and after acid washing. 
4.4 Results and discussion 
In this study, it is important to mention that the basic γ-Al2O3 particles 
should be added in the PVDF solution prior to the acid. This would result in the 
solution changing colour from milky white to yellow, and then to dark brown 
(depending on the amount of γ-Al2O3), which indicates the formation of conjugated 
double bonds on the PVDF main chains. Afterwards, a suitable amount of sulphuric 
acid should be added to the complex and stirred for 24 hours until the yellow (or 
brown) colour disappears, representing the evidence of unsaturated doubles reacting 
with the OH groups of the γ-Al2O3. The mechanism of the reaction to form the 
complex was suggested and is shown in Figure 4.1, in which it can be seen that the 
basic γ-Al2O3 with free OH
-
 ions provides the alkaline environment necessary for this 
reaction. The electrophilic addition is catalysed by the sulphuric acid and 
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acidification of the unsaturated double generates a cation, to which the γ-Al2O3 with 
hydroxyl groups is grafted onto the main chain of PVDF. 
4.4.1 Casting solution and membrane surface properties  
A minor amount (less than 4%) of γ-Al2O3 can increase the viscosity of the 
complex and subsequently affect the structure of the resultant membrane and hence 
its performance. As shown in Figure 4.2, the viscosity of the complex solution 
increases with the amount of γ-Al2O3 particles. There is a possible side reaction in 
that the anion may displace or substitute F atom in an adjacent chain of PVDF, 
resulting in a crosslink. Such a crosslink could also enhance the viscosity of the 
complex solution. 
As discussed above, the unsaturated double bonds formed on the PVDF 
main chains in the presence of basic γ-Al2O3 can be confirmed by FTIR-ATR. It can 
be seen from Figure 4.3 that samples M1, M2 and M3 membranes before acid 
treatment all show a significant peak at 1643cm
-1
 assigned to C=C. Moreover, the –
OH groups at 3380cm
-1 
indicates the possible side reaction between C=C and water. 
However, the double bonds would react with γ-Al2O3 carrying hydroxyl groups after 
the addition of acid, which can be confirmed by the disappearance of double bonds at 
1643cm
-1 
in Figure 4.4.  
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Figure 4.2. Viscosity of PVDF mixture solution with different composition (M0, M1, M2, M3) 
 
Figure 4.4 shows the FTIR-ATR of the PVDF membranes with different 
amounts of alumina particles. As expected, all membranes showed the main typical 
spectra of PVDF, i.e. –CF2 deformation and stretching vibration bonds at 1400cm
-1 
and 1180cm
-1
, β phase vibration at 1280cm-1, and amorphous phase at 880 and 
840cm
-1
 indicating that the reaction in the complex would not damage the chemistry 
structure of PVDF. However, the absorption at 1643cm
-1
 could also be observed as a 
result of the formation of C=C bonds. For samples M1, M2 and M3, a significant 
peak at around 976cm
-1
 and 761cm
-1
 assigned to α phase vibration of PVDF has 
vanished, showing that the addition of alumina particles could also influence the 
crystalline phase of a semi-crystalline PVDF to some extent. 
The surface hydrophilicity of membranes could be obtained by the contact 
angle measurement. The initial contact angle measured immediately after water was 
dropped onto the membrane surface could reflect the natural wettability of the 
material. The initial contact angle decreases from 91.6º±1.0 , to 88.4º±0.8, 81.1º
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±0.5, and 79.6º±0.6, with the amount of alumina increasing from 0% to 1%, 2% 
and 4%, respectively. Besides, the change in contact angle over time also 
demonstrated that the M3 membrane had the best hydrophilicity, probably due to the 
higher content of γ-Al2O3 particles (see Figure 4.5). 
 
Figure 4.3. FTIR-ATR spectra of different membranes before acid treatment (M1, M2, M3) 
 
.  
Figure 4.4. FTIR-ATR spectra of different membranes after acid treatment (M0, M1, M2, M3) 
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Figure 4.5. Change of contact angle with drop age for different samples: M0, M1, M2, M3 
4.4.2 Membrane morphology  
In order to investigate the effect of γ-Al2O3 nano particles on the 
microstructure of the membranes, SEM micrographs of both the cross-sections and 
surfaces of the PVDF membranes with different compositions were obtained. As 
seen in Figure 4.6, all of the membranes exhibited the typical asymmetric cross- 
sectional structure, consisting of a fine thinner skin layer as a selective barrier and a 
much thicker, finger-like sub-structure. The top surface had a denser, nodular-like 
structure caused by delayed demixing during the phase inversion process. The 
bottom surface had a porous structure with some particles trapped inside  the 
mechanism behind the formation of this structure has been discussed before [25]. 
Nevertheless, it can be seen that the thickness of the spongy layer on the membrane 
bottom decreased with the addition of γ-Al2O3 nano particles, which may have 
enhanced the flux of the membrane. Unexpectedly, γ-Al2O3 nano particles in sample 
M3 could not be dispersed as well as samples M1 and M2. Agglomeration 
phenomenon can be seen from both the cross-section and the bottom surface due to 
the higher concentration of γ-Al2O3 nano particles in sample M3.  
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The agglomeration of these γ-Al2O3 nano particles would plug the pores in 
both the cross-section and surface of the membrane, subsequently, influencing flux 
and separation performance. Comparing the top and bottom surfaces of different 
membranes, it can be seen that increasing the amount of alumina resulted in a higher 
surface porosity and the distribution of γ-Al2O3 nano particles. To confirm that the 
nano γ-Al2O3 particles physically blended with PVDF can be removed, the 
membrane was washed by sulphuric acid. Figure 4.7 illustrates the SEM micrographs 
of the membranes after the acid wash showing that most of the γ-Al2O3 particles 
were washed away from the top surface, bottom surfaces and cross-section. 
Particularly, in the case of sample M3 where some big particles trapped inside the 
pores could also be removed by the acid washing, which probably offered an 
increment of flux. Comparing Figure 4.7 with Figure 4.6, it can be seen that there 
were still some γ-Al2O3 particles in the cross-section even after a strong acid wash, 
suggesting a possible chemical bonded with PVDF. 
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Figure 4.6. SEM images of cross-section of top surface and bottom surface morphology: M0, M1, 
M2, M3 
M0-cross M0-Top M0-bottom
M1-bottomM1-cross M1-Top
M2-cross M2-Top M2-bottom
M3-cross M3-Top M3-bottom
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Figure 4.7. SEM images of cross-section of top surface and bottom surface morphology for 
membranes after acid wash: M1, M2, M3 
4.4.3 Stability of PVDF membrane 
The thermal stability of the PVDF membrane can be investigated by DSC 
measurements. Figure 4.8 shows that the melting temperature was slightly decreased 
according to the amount of γ-Al2O3 nano particles in the complex. For example, the 
melting temperature decreased from 164.85 ℃ for pure PVDF membrane to 164.70 
℃, 164.07 ℃ and 162.50 ℃ for M1, M2 and M3 respectively. It could be explained 
that the formation of double bonds during the reaction could slightly change the main 
PVDF chains and subsequently influenced the melting temperature. Besides, the 
fusion enthalpy also decreased from 38.51 J/g for sample M0 to 37.22 J/g, 34.16 J/g 
and 24.89 J/g for samples M1, M2 and M3, respectively. It could be concluded that 
the addition of alumina had an effect on crystal perfection during the phase inversion 
process. Increasing the amount of γ-Al2O3 nano particles not only inhibited the 
M1-cross M1-Top M1-bottom
M2-bottomM2-cross M2-Top
M3-cross M3-Top M3-bottom
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formation of PVDF crystals, but also broke down the performed crystals to give the 
amorphous PVDF structure. 
 
Figure 4.8. DSC thermograms for different samples (M0, M1, M2, M3) 
PVDF is well known for its suitable mechanical properties and it is 
expected that adding γ-Al2O3 nano particles will enhance hydrophilicity and flux 
without decreasing mechanical strength. As shown in Table 4.3, sample M2 had a 
similar tensile extension and stress to the pure PVDF membrane M0, while samples 
M1 and M3 had lower tensile extension and stress. This could be attributed to the 
competition between the dispersion of alumina particles and the amount of double 
bonds in the complex solution. Suitable dispersion of γ-Al2O3 attached to PVDF 
could enhance the mechanical strength to some extent; but the alkaline ions involved 
in basic γ-Al2O3 particles could cause the formation of double bonds in PVDF chains, 
indicating depressed mechanical strength. From the results, it can be concluded that 
the optimum amount of γ-Al2O3 in the complex solution is 2 wt.%. 
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Table 4.3 Different performance parameters for samples M0~M3 
 
4.4.4 Filtration performance 
The pure water flux results of different membranes are listed in Table 4.3, 
showing that sample M2 had the highest pure water flux of 134.4 (L.m
-2
.h
-1
). The 
rejection data listed in Table 4.3 show that sample M2 had the highest BSA rejection 
of 93.4%. For samples M1 and M3, the water flux decreased due to either lower 
hydrophilicity or the agglomeration of γ-Al2O3 nano particles, which could plug the 
membrane pores.  
Figure 4.9 shows the pure water flux before and after acid washing. It can 
be seen that pure water flux increased for all three membranes. The pure flux of 
sample M3 increased from 79.3 (L.m
-2
.h
-1
) to 89.1 (L.m
-2
.h
-1
), which was the most 
considerable increment across all membranes. This is because the acid washed away 
most of particles trapped in the pores, which can be confirmed by SEM in Figure 4.7. 
Sample. 
Elongation 
(%) 
Maximum Stress 
(MPa) 
Static CA  
(º) 
Water flux 
(L.m
-2
.h
-1
) 
Rejection 
(%) 
M0 97.9±4.3 2.2 91.6±1.0    - - 
M1 58.8±3.1 1.7 88.4±0.8    97.7± 75.0±1.5 
M2 97.5±3.4 1.9 81.1±0.5    134.4± 93.4±2.2 
M3 44.5±5.6 1.6 79.6±0.6 70.2± 79.3±3.4 
149 
 
0
20
40
60
80
100
120
140
160
180
M3M2
 
 
W
a
te
r 
F
lu
x
 (
L
/m
2
h
)
  Before acid washing
  After acid washing
M1
 
Figure 4.9. Comparison of pure water flux before and after acid treatment for samples M1, M2, 
M3 
 
Figure 4.10. Relative flux reduction after static adsorption using BSA (1g/L, pH=7.4) for samples 
M1, M2, M3. 
The effect of γ-Al2O3 particles on membrane performance was investigated 
in terms of water flux, and static and dynamic fouling, with the relative water flux 
reduction (RFR) obtained to identify the extent of BSA static adsorptive fouling. As 
shown in Figure 4.10, Sample M2 had an RFR of 37%, indicating a higher resistance 
to BSA (1.0 g/L) static adsorptive fouling than samples M1 and M3. Both 
hydrophilicity and pore size distribution affect BSA adsorptive fouling on the 
membrane surface. Although sample M3 showed the highest hydrophilicity from the 
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contact angle results and should have had better adsorptive fouling resistance, the 
SEM pictures show that the pore size distribution and alumina particles dispersion of 
sample M3 was not uniform, which would influence BSA adsorption significantly. 
With these two factors, sample M2 had the best static adsorptive fouling resistance. 
To investigate the filtration performance, a dead-end ultrafiltration 
experiment was conducted. The results are presented in terms of permeate flux 
relative to pure water flux. From Figure 4.11, it can be seen that permeate flux 
dropped dramatically in the first 30 minutes and then stabilised, probably caused by 
concentration polarisation. After 30 minutes, sample M2 demonstrated a higher 
permeation flux than samples M1 and M2, which was mainly influenced by the 
dynamic BSA fouling. Overall, the final permeation flux of BSA for sample M2 was 
60% of the initial permeation flux. This dynamic BSA anti-fouling performance 
concurs with static adsorptive fouling experiments.  
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Figure 4.11. Normalised flux during filtration of 0.1L/g BSA solution at 0.1MPa for samples M1, 
M2, M3 
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In general, by adding γ-Al2O3 particles to the PVDF solution and causing a 
chemical reaction between the PVDF polymer and γ-Al2O3 particles, certain 
properties of the fabricated membrane from the complex solution improved. On the 
other hand, by adding more γ-Al2O3, more alkaline was produced causing more 
defects to the PVDF structure and consequently depreciating the membrane 
performance. Therefore, there should be an optimum amount of γ-Al2O3 in the 
complex solution at which the desirable improvement in membrane properties and 
performance are obtained while the least degradation to PVDF chains happens. 
4.5 Conclusions 
The PVDF ultrafiltration membrane was prepared from a complex 
comprising PVDF, basic γ-Al2O3 particles and acids via the phase inversion method. 
The viscosity of the complex solution increased with the addition of γ-Al2O3 
particles, while FTIR results indicated the existence of a reaction between basic γ-
Al2O3 and PVDF in the complex solution. DSC showed that the melting temperature 
of the modified membrane decreased slightly, and SEM pictures demonstrated good 
dispersion of γ-Al2O3 particles in sample M2. The contact angle results showed that 
surface hydrophilicity of the membranes increased after modification. Filtration 
performance evaluation via investigation of adsorptive fouling and ultrafiltration 
using BSA suggests that sample M2 had the best fouling resistance for both static 
and dynamic BSA fouling experiments. The pure water flux of M2 membrane could 
reach 134.4 (L.m
-2
h
-1
) with BSA rejection of 93.4%. To conclude, the optimum 
amount of γ-Al2O3 in the complex solution for PVDF ultrafiltration membrane is 
2wt.%. 
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CHAPTER 5 Fabrication of macro-void free PVDF hollow 
fibre membranes with interconnected bicontinuous 
structures  
5.1 Abstract 
PVDF hollow fibre membranes with interconnected bicontinuous 
structures were produced from PVDF/TEP solutions using a single-step phase 
inversion method. Hollow fibres with excellent mechanical strength and very dense 
inner and outer skin layers were obtained using a PVDF/TEP solution. Due to the 
hydrophobic nature of PVDF and formation of the dense skin layers, the produced 
membranes were not suitable for water and wastewater applications. In order to 
improve the water flux, two different molecular weight PEGs were employed to 
eliminate the dense skin and as pore-forming agent additives. A wide range of hollow 
fibre membranes, suitable for water and wastewater treatments and similar to 
modified industrial PVDF ultrafiltration membranes were produced by using 
PVDF/TEP/PEG dope solutions and changing the spinning parameters. 
5.2  Introduction 
 PVDF has attracted considerable attention as a commercial polymeric 
membrane material due to its hydrophobic nature and excellent properties such as 
great heat and chemical resistances along with high mechanical strength. In addition, 
the PVDF polymer can be dissolved in common organic solvents such as N,N-
dimethylacetamide (DMAc), 1-methyl-2-pyrrolidinone (NMP), 
N,Ndimethylformamide (DMF) and triethyl phosphate (TEP). As a result, PVDF 
membranes can be produced via phase inversion through the relatively easy and 
inexpensive method of immersion precipitation. These desirable properties make the 
PVDF membrane suitable for ultrafiltration and microfiltration. A large number of 
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applications have been reported for PVDF membranes, such as membrane contactors, 
membrane distillation and water and wastewater treatments [1-8]. However, the 
hydrophobic nature of PVDF causes problems in water applications, such as low flux 
and fouling [4, 9], therefore, a number of investigations have been performed with 
the aim of improving flux and reducing fouling problems. These efforts have 
included using additives such as low molecular weight inorganic materials (e.g. LiCl 
and LiClO4 [10, 11]), high molecular weight organic additives (e.g. poly(ethylene 
glycol) (PEG) [12] and polyvinylpyrrolidone (PVP) [13-15]) and ceramic particles 
(e.g. TiO2, Al2O3 and ZrO2 [16-20]). Studies have also been conducted into the 
surface modification of the PVDF membrane, including surface grafting, surface 
coating, using UV, plasma and electron beam and finally blending modification of 
the PVDF membrane using hydrophilic polymers and amphiphilic copolymers have 
also been studied [8]. 
The PVDF membrane can be produced via several methods such as phase 
inversion, sintering and track etching of which the details are outlined elsewhere [8]. 
Phase inversion methods include immersion precipitation (IP), thermally-induced 
phase separation (TIPS), controlled evaporation of the solvent from a three-
component system and precipitation from the vapour phase. Of these methods, IP and 
TIPS are the most common in producing commercial PVDF membranes. Several 
factors affect the fabricated hollow fibre membrane morphology and performance 
produced via IP, including internal and external coagulant composition and 
temperature along with spinning parameters such as extrusion rate, internal coagulant 
rate and air gap; all of which have been discussed in detail elsewhere [8]. Since 
membrane formation via IP is based on the exchange of solvent and non-solvent, one 
of the most important parameters is the selection of the solvent. As previously 
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mentioned, PVDF can be dissolved in common organic solvents. Yeow et al. ranked 
four common PVDF solvents according to their strength when: dissolving PVDF and 
the following order was determined [21]: DMAc > NMP > DMF > TEP. Several 
studies have been carried out to investigate the effects of using different solvents, 
including TEP on the formation of the PVDF membrane. In most cases the 
membrane resulting from TEP was reported to have a symmetric structure with 
interconnected pores [22, 23]. 
In order to investigate the effects of solvent type on membrane structures, 
Bottino et al. used different solvents to prepare PVDF flat sheet membranes and 
reported a macro-void free sponge like symmetric structure for the PVDF/TEP 
system [23]. Correlation of different solvent parameters such as density, viscosity, 
solubility parameters and mutual diffusivity with the obtained membrane structure 
was studied. Of the solvent parameters, the mutual diffusivity of solvent in water 
(DS-w) and water in solvent (DW-S) was found to correlate well with the obtained 
morphology of the membrane. It was concluded that the Dm  the harmonic mean 
value between DS-W and DW-S  was the best parameter to predict the structure of the 
PVDF membrane from a given solvent. It was found that when the value of solvent-
non-solvent diffusivity increases, the concentration path in the ternary diagram 
during the membrane formation should lead to entry into the demixing gap at a 
higher polymer concentration. 
In general, two different phase separation phenomena have been reported 
for the production of membranes from semi-crystalline polymers such as PVDF via 
IP i.e. crystallisation and liquid-liquid demixing. Cellular pore structures i.e. fingers 
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and sponges are a result of liquid-liquid demixing; whereas, interlinked crystalline 
structures are a result of the crystallisation process [24, 25]. 
PVDF hollow fibre membranes with an interconnected pores structure 
(rather than fingers and sponges) for microfiltration of water and wastewater 
treatment have been commercially produced using the TIPS method. Additionally, 
the fabrication of the PVDF flat sheet membranes with interconnected pores via the 
IP method has been reported by using TEP as the solvent in the PVDF casting 
solution [26]. However, difficulties in preparing the flat sheet membranes using a 
pre-coagulation bath with a high amount of solvent (70% TEP/water) and pre-
precipitation of several minutes has resulted in the method being inapplicable for 
producing PVDF membranes in hollow fibre geometry.  
The current study is aimed at developing PVDF hollow fibre membranes 
with interconnected pores to be used for water and wastewater treatment in the 
ultrafiltration range via an IP method using TEP and PEG as the solvent and additive, 
respectively. 
5.3 Experimental 
5.3.1 Materials 
Commercial PVDF (Kynar® K-761) was purchased from Elf Atochem and 
dried at 60 °C for 24 hours before its use, a mixture of different dextran molecular 
weights (10,000-150,000 Da), polyethylene glycol (PEG) 400(average molecular 
weight 400 Da) and PEG 6000 (average molecular weight 6000 Da), N,N-
Dimethylacetamide (DMAc) and triethyl phosphate (TEP) were purchased from 
Sigma Aldrich, UK.  
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5.3.2 Dope preparation and spinning hollow fibres 
In order to prepare the spinning dope, calculated amounts of PVDF powder 
and TEP (20/80 wt. %) were mixed. The mixture was then stirred at 80 °C for 24 
hours and a clear colourless solution was obtained. Then an additive such as PEG (5 
wt. %) was added to the homogenous solution and the mixture was stirred at 80 °C 
for another 24 hours to ensure that PEG was completely dissolved. The solution was 
then degassed by applying vacuum while stirring at 80 °C. The hot solution was then 
transferred into a pre-heated (at 80 °C), 200 ml Harvard stainless steel syringe 
controlled and monitored by Harvard PHD 22/2000 Hpsi syringe pumps. Two 
precise syringe pumps were used to inject the spinning dope and internal coagulant 
(DI water) separately to a spinneret with inner and outer diameters of 0.7 mm and 1.0 
mm, respectively. Tap water was used as an external coagulant. The spinning 
parameters are summarised in Tables 5.1-5.3. As-spun hollow fibres were then 
immersed in a DI water tank for three days to remove any residual solvent. The water 
in the tank was replaced frequently with fresh water. In order to measure the 
filtration performance of the hollow fibres, wet fibres were used to prepare hollow 
fibre modules; whereas, for mechanical strength tests and SEM, fibres were post 
treated and dried using sequential solvent exchange. Fibres were immersed in ethanol 
for 12 hours followed by immersion in hexane for 5 hours prior to air drying at room 
temperature for 24 hours to minimise shrinkage by gradually reducing the surface 
tension during the drying process. 
Table 5.1. Spinning parameters for samples HT1, HT2 and HT3 
 
Sample PVDF  
(%) 
Extrusion rate 
(mL/min) 
Bore fluid rate  
(mL/min) 
Air Gap  
(cm) 
HT1 20 2.0 1.0 50 
HT2 20 2.5 1.5 50 
HT3 20 3.0 2.0 50 
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Table 5.2. Spinning parameters for samples HTPEG1-HTPEG6 
 
Sample PVDF 
(%wt) 
PEG (Mw≈6000Da) 
(%wt) 
Extrusion Rate 
(mL/min) 
Bore fluid rate  
(mL/min) 
Air Gap  
(cm) 
HTPEG1 20 5 2.0 0.7 50 
HTPEG2 20 5 2.0 0.7 20 
HTPEG3 20 5 2.0 0.7 7 
HTPEG4 20 5 3.0 0.7 7 
HTPEG5 20 5 4.0 0.7 7 
HTPEG6 20 5 5.0 0.7 7 
 
 
Table 5.3. Spinning parameters for samples HTPEG7-HTPEG12 
 
Sample PVDF 
(%wt) 
PEG (Mw≈400Da) 
(%wt) 
Extrusion Rate 
(mL/min) 
Bore fluid rate  
(mL/min) 
Air Gap  
(cm) 
HTPEG7 20 5 2.0 0.7 50 
HTPEG8 20 5 2.0 0.7 20 
HTPEG9 20 5 2.0 0.7 7 
HTPEG10 20 5 3.0 0.7 7 
HTPEG11 20 5 4.0 0.7 7 
HTPEG12 20 5 5.0 0.7 7 
5.3.3 Viscosity 
The viscosity of the solutions was determined using an LV Viscometer 
(Cannon Instrument) model 2020 with spindle S16. In order to study the effect of 
temperature on the viscosity of the dope solution, the viscosity change was 
monitored over time. The viscosity measurement continued until the solution 
changed into a gel. 
5.3.4 SEM 
Morphological structures of the prepared PVDF hollow fibre membranes 
were studied using scanning electron microscopy (SEM, JSM-5610LV, JEOL, 
Tokyo, Japan). Liquid nitrogen was used to fracture the cross-section of the hollow 
fibre and the mounted sample was gold sputtered under vacuum using the Emitech 
K550 Ion sputtering device. 
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5.3.5 Filtration performance 
A schematic view of the setup used to measure water flux is shown in 
Figure 3.2. For each module, 10 fibres of 20 cm in length were assembled into the 
filtration module and a filtration performance test was performed in a cross flow 
mode through an inside-out configuration. Initially, water was circulated through the 
module for 30 minutes to eliminate the effect of compaction on the flux 
measurement. The volume of the permeated water was then measured and the flux 
was calculated using the following equation: 
  
 
   
                                                                                                                Eq. 5.1 
where J is the flux (L.m
-2
.h
-1
), V is the permeate volume (L), A is the 
effective surface area of the fibres (m
2
) and t is the time of the permeate collection 
(h). In order to measure dextran molecular weight cut off (MWCO), a mixture of 
different dextran molecular weights (10,000-150,000 Da) was circulated through the 
module for 30 minutes prior to the permeate collection. 
The GPC-50+ system (Polymer Laboratories Ltd) was used to analyse the 
dextran MWCO. The system was equipped with a triple detector assembly: refractive 
index, viscosity and light scattering (15 and 90 degrees). A guard column (PL 
aquagel-OH Guard 8m) and two columns (PL aquagel-OH MIXED-H 8m) for 
analysing a broad range of molecular weights were used in series. The mobile phase 
was 0.1 M NaNO3 and 0.01% w/w NaN3 in DI water, while the flow rate of 0.7 
ml/min remained constant for all measurements. The chromatographs were analysed 
using commercial GPC software PL Cirrus Multi (Polymer Laboratories Ltd). The 
dextran rejection (Rdextran) was calculated using the following equation: 
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Eq. 5.2 
where Cp and Cf were dextran concentrations in permeate and feed 
(mg/mL), respectively. Dextran MWCO was reported as the molecular weight at 
which Rdextran ≥ 90%. 
5.3.6 Mechanical properties 
Mechanical properties of the membranes were determined using tensile 
testing equipment (Instron-4466). The samples were stretched at an elongation rate of 
10 mm/min at room temperature (20 °C) and a relative humidity of 50%. The fibre 
was initially fixed by grips at a distance of 50 mm, after which the movable 
crosshead containing the load cell of 1 kN pulled the fibre at a constant rate of 10 
mm/min until the fibre was broken. Five samples were selected randomly and tested 
from each batch of the dried hollow fibre. 
5.4 Results and discussion 
5.4.1 Viscosity 
Compared to commonly used PVDF solvents, such as NMP or DMAc, 
TEP can be considered a relatively weaker solvent for PVDF. However, PVDF can 
be dissolved in TEP at 80 °C to form a clear and homogeneous solution. The 
viscosity of the solution changes when the solution is cooled to room temperature 
and eventually the solution becomes gel. In order to monitor the gelation process, the 
temperature and viscosity of the solution was monitored over time. The viscosity 
behaviour with time and temperature of three different PVDF/TEP solutions with and 
without the PEG additive is illustrated in Figure 5.1 
.
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Figure 5.1. Viscosity change against time and temperature for the solutions A: 20%PVDF/TEP, B: 20%PVDF/5%PEG6000/TEP, C: 20%PVDF/5%PEG400/TEP
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As can be seen from Figure 5.1, viscosity of all of the PVDF/TEP solutions 
increased with a decrease in solution temperature when allowed to cool to room 
temperature. The increase of the viscosity for solution A (without any additive) in the 
first 40 minutes was not significant; whereas, for solutions B and C (containing PEG 
6000 Da and 400 Da, respectively) viscosity of the solution almost doubled in the 
first 20 minutes and the solution became a gel in 40 and 60 minutes, respectively. 
Thus, it was necessary to spin the fibres before a gel formed. To further facilitate the 
spinning process both of the syringes used for dope and internal coagulant were 
preheated to 80 °C. In addition, it was ensured that the time required for each 
spinning batch was no more than 20 minutes. The viscosity variations (from Figure 
5.1) during the spinning process for the PVDF/TEP solution without additive, 
PVDF/TEP solution with PEG 6000 Da and PVDF/TEP solution with PEG 400 Da 
was 5850 to 7350 cP, 7300 to 10680 cP and 7200 to 9880cP, respectively.  
5.4.2 Morphology of PVDF hollow fibre membranes 
In order to compare the beneficial effect of TEP solvent towards 
suppressing macro-void formation, hollow fibres spun from PVDF/DMAc (20/80 
%wt.) ( with the following spinning conditions: extrusion rate: 2 mL/min, bore liquid 
flow rate: 0.5 mL/min, air gap: 5 cm, internal and external coagulant: water) were 
also studied for their morphology as shown in Figure 5.2. Two arrays of macro-voids 
projecting from the lumen and shell side of the fibres with a sponge-like structure 
sandwiched in-between can be clearly seen. This is due to the instantaneous solvent 
exchange process with higher precipitation rates [27]. Such morphology is very 
common for polymer dopes prepared using solvents such as DMAc, NMP or DMF 
which have high affinity for a non-solvent (water). For instance, a similar 
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morphology with finger like macro-voids is obtained for PVDF [13], polysulphone 
[28] and polyimide [29] membranes prepared using DMAc and water as the solvent 
and non-solvent system, respectively. 
 
Figure 5.2. SEM images of the cross-section of the PVDF hollow fibre from 20%PVDF/DMAc 
dope solution 
On the other hand very different hollow fibre morphology was obtained 
when TEP was used as a solvent instead of DMAc. As can be seen from Figure 5.3, 
the macro-voids of the PVDF hollow fibre membrane were completely suppressed 
when TEP was used as the solvent. The formed membrane had uniform bicontinuous 
morphology with an interconnected porous structure (Figure 5.3). Such morphology 
is in agreement with the literature observed for similar PVDF/TEP system for flat 
sheet membranes [22, 23, 26]. The structure is similar to that of commercial micro-
filtration membranes, such as Nylon-66 from Pall Corp. and PVDF from Millipore 
Corp. [30-32]. It was demonstrated that the cross-sections of the membranes formed 
from a water/TEP/PVDF ternary system showed uniform bicontinuous morphology 
[26]. Bottino et al. also reported similar macro-void free morphology for PVDF 
membranes after phase inversion in water [23]. However, it was observed that these 
membranes in the present case also showed the formation of thick skin layers 2-3 µm 
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(Figure 5.3). Formation of such thick skin layer is highly undesirable for the flux 
performance of the membrane.  
 
Figure 5.3. SEM images of the cross-sections of PVDF hollow fibre membranes; A: HT1, B: HT2, 
C: HT3 
With an attempt to suppress the skin layer formation, PEG with two 
different molecular weights was used as an additive in the dope solution. The 
morphology of the resultant membranes with PEG Mw≈6000 Da and Mw≈400 Da 
are illustrated in Figures 5.4 and 5.5, respectively. It is interesting to note that 
contrary to PVDF membranes without additives (HT1-HT3), there was no skin layer 
formation. In the case of the PVDF membrane with PEG (Mw≈400Da) as an 
additive, finger like macro-voids were formed near the shell and lumen sides of the 
membrane (Figure 5.5).  
A
B
C
Skin layer
Skin layer
Skin layer
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Figure 5.4. SEM images of the cross-sections of PVDF hollow fibre membranes; A: HTPEG1, B: 
HTPEG2, C: HTPEG3, D: HTPEG5 
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Figure 5.5. SEM images of the cross-sections of PVDF hollow fibre membranes; A: HTPEG7, B: 
HTPEG8, C: HTPEG9, D: HTPEG11 
However, PVDF membranes with a high molecular weight PEG 
(Mw≈6000Da) as additive showed no macro-void formations (Figure 5.4). This 
could be due to better interaction of smaller molecular weight PEG with water 
(internal and external coagulant) during the spinning process. It is expected that the 
presence of PEG in the dope solution gives hydrophilic nature to the dope solution 
A
B
C
D
169 
 
and thus would facilitate the intrusion of water during the solvent-exchange process 
involved in phase separation of the membrane. However, the formation of macro-
voids due to water intrusion was not observed in the case of the membrane with the 
high molecular weight PEG additive and could be due to relatively higher viscosity 
of the dope in the presence of PEG (Mw≈6000Da). As mentioned before (Figure 5.1) 
the viscosity of the PVDF dope with the high molecular weight PEG (Mw≈6000Da) 
was greater than that with the low molecular weight PEG (Mw≈400Da). Similar 
increased viscosity with an increasing molecular weight of PEG as an additive in the 
polysulphone dope solution was also observed by Chakrabarty et al. [28]. 
Spinning parameters, such as air gap and dope extrusion rate were also 
shown to have an effect on the overall geometry of the fibre. As can be seen from 
Figure 5.4 for the PVDF membrane with a PEG (Mw≈6000Da) additive, the outer 
diameter (o.d.) of the hollow fibre increased with a decrease in air gap from 750 µm 
for 50 cm air gap (HTPEG1) to 1000 µm for 7 cm air gap (HTPEG3). The wall 
thickness of the hollow fibre membrane, HTPEG1 increased from 366.7 µm to 460 
µm for HTPEG3. Similar trends were also observed for PVDF membrane with PEG 
(Mw≈400Da) as the additive the wall thickness of the membrane varied from 300 µm 
for HTPEG7 to 383.5 µm for HTPEG9. This phenomenon of increasing o.d. or wall 
thickness of the hollow fibre with a decrease in air gap is very obvious and based on 
different spin line stresses experienced by a nascent fibre before it coagulates and 
solidifies. During dry-jet wet spinning, the PVDF nascent fibre experiences an 
elongational stress due to gravity. High elongational stress at higher air gap results in 
further stretching of the fibre during the early stage of phase separation before it 
actually solidifies completely in water. As a result, the higher the air gap, the higher 
the nascent fibre stretches and the thinner the o.d. or smaller the wall thickness, and 
170 
 
vice-versa. These results also concurred with the polysulfone fibres produced by Tsai 
et al. [33] and polyethersulfone fibres by Chung and Hu [34] in which both studies 
produced thinner-walled hollow fibres as the air gap length increased. 
5.4.3 Filtration performance 
All of the hollow fibres prepared with and without PEG additive were 
analysed for pure water flux and rejection. Samples HT1-HT3 did not show any 
water flux due to the formation of very thick, dense inner and outer skin layers as 
mentioned above in Section 5.4.2. As a result, rejection performance of these 
samples could not be carried out. However, after adding PEG to the dope, the PVDF 
membranes showed a significant improvement in water flux. Table 5.4 summarises 
the flux and MWCO for samples HTPEG1-HTPEG12 and shows that by only 
changing the spinning parameters, a wide range of ultrafiltration hollow fibres with 
low flux and low MWCO to high flux and high MWCO were achieved. This was 
observed for PVDF hollow fibre membranes with both the additives (PEG Mw≈6000 
Da and Mw≈400 Da), in that the flux decreased according to reduction in air gap. For 
instance, in the case of the PVDF membranes with PEG (Mw≈6000Da) as the 
additive, the water flux declined by approximately 48% from 137 (L.m
-2
.h
-1
) for 
HTPEG1 to ~71 (L.m
-2
.h
-1
) for HTPEG3, when the air gap changed from 50 cm to 7 
cm. Meanwhile, for those membranes prepared with PEG (Mw≈400 Da) as the 
additive, a 16% decline in flux from ~137 LMH (L.m
-2
.h
-1
) to ~115 (L.m
-2
.h
-1
) in 
HTPEG9 was observed with a decrease in air gap from 50 cm to 7 cm. The flux 
decline for both the types of fibres with the lowering in air gap length could be 
explained by the fibre being stretched to different extents. As mentioned before, 
when the air gap length is increased the nascent fibre experiences an elongational 
stress due to gravity which could further stretch the fibre resulting in higher 
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membrane porosity. Higher porosity of the PVDF membrane due to stretching is 
known [35]. In addition, fibre wall thickness could also play a role in governing the 
water flux of the hollow fibre membrane. As the air gap decreases the wall thickness 
increases as described in section 5.4.2. For HTPEG1 wall thickness was 366.7 µm, 
which increased to 460 µm for HTPEG3; whereas, for HTPEG9 wall thickness 
increased to 383.5 µm from 300 µm for HTPEG7. This increased wall thickness 
provides extra resistance for water flow and results in lower flux. However, the 
MWCO was not altered and found to be same, 150 KDa, in both cases. 
Table 5.4. Water flux and MWCO of samples HTPEG1-HTPEG12 
 
Sample Flux (L.m
-2
.h
-1
) Dextran MWCO (kDa) 
HTPEG1 137.0±3.4 ≈150 
HTPEG2 92.1±4.6 ≈150 
HTPEG3 70.7±4.3 ≈150 
HTPEG4 61.8±6.7 ≈40 
HTPEG5 42.0±5.7 ≈40 
HTPEG6 29.8±4.7 ≈40 
HTPEG7 136.7±3.8 ≈150 
HTPEG8 132.5±5.5 ≈150 
HTPEG9 114.6±4.2 ≈150 
HTPEG10 105.0±6.1 ≈150 
HTPEG11 141.1±3.8 ≈200 
HTPEG12 203.7±9.1 ≈200 
As the extrusion rate increased in the case of samples HTPEG4-HTPEG6, 
the flux was further reduced to approximately 30 (L.m
-2
.h
-1
), and the MWCO 
decreased to 40 kDa (Table 5.4). However, a reverse trend was observed for 
HTPEG10-HTPEG12, in that the water flux almost doubled to 204 (L.m
-2
.h
-1
) for 
HTPEG12 from 105 (L.m
-2
.h
-1
) for HTPEG10. This was attributed to better leaching 
for PEG (Mw≈400 Da) than for PEG (Mw≈6000 Da) in water during and after the 
coagulation process. Because of the low molecular weight of PEG (Mw≈400 Da), it 
can diffuse out of the nascent fibre more rapidly and to a greater extent than the high 
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molecular weight 6000 Da, thus creating a greater number of large pores. This is 
further confirmed by lower MWCO for the samples with PEG (Mw≈6000 Da) than 
those with PEG (Mw≈400 Da) as an additive. Similar observations of flux 
improvement for polysulphone [28] and PVDF [12] membranes were also reported 
when PEG with different molecular weights was used as additives in the dopes. 
Besides the molecular weight of the leaching component (PEG additive), the 
viscosity of the dope mixture could also be an important factor that affects the 
leaching process. As shown in Figure 5.1, the viscosity of the PVDF dope mixture 
with PEG (Mw≈6000 Da) as the additive was higher than with PEG (Mw≈400 Da). 
For instance, the viscosity of dope with PEG (Mw≈400 Da) after a 20-minutes 
cooling time was 11000 cP, while, that for PEG (Mw≈6000 Da) was 12000 cP. This 
higher viscosity in the case of PVDF dope with PEG 6000 Da further restricts the 
leaching component (PEG) from diffusing out of the nascent fibre during 
coagulation. Thus, both a high molecular weight and the viscosity of the dope 
mixture hinder the leaching of PEG (Mw≈6000 Da) and results in hollow fibre 
membranes with lower flux. However, PVDF dope with PEG (Mw≈400 Da) resulted 
in hollow fibre membranes with a more porous structure and flux of approximately 
204 (L.m
-2
.h
-1
). 
5.4.4 Mechanical properties 
The effects of different spinning parameters and PEG (Mw≈400 Da and 
Mw≈6000 Da) as additives on the mechanical properties (elongation, maximum load 
and maximum stress,) of the produced hollow fibres are shown in Figures 5.6-5.8. As 
can be seen from Figure 5.6, although samples HT1-HT3, showed a maximum load 
of 1.23-0.94 N, the maximum stress is dramatically high  20-25 times higher than 
that of the fibres spun from the PVDF/DMAc solution (extension: 342.86%, 
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maximum load: 1.37N and maximum stress: 4.7MPa)  because of the very small 
cross-section area of the fibres. This shows that the interconnected pore and macro-
void free structure could provide hollow fibres with a very high mechanical strength 
along with high extension [8].  
 
Figure 5.6. Mechanical properties of samples HT1-HT3 
 
Figure 5.7. Mechanical properties of samples HTPEG1-HTPEG6 
Using PEG as an additive improved water flux, but mechanical properties 
deteriorated compared to pure PVDF/TEP fibres. Compared to elongation of samples 
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HT1-HT3 (224 - 348%), the elongation of samples HTPEG1-HTPEG12 decreased to 
a range of 87% for HTPEG12 to 184% for HTPEG8. In addition, maximum stress 
reduced from 72.4 – 100.6 MPa for HT1-HT3 to a range of 3 MPa for HTPEG12 to 
12 MPa for HTPEG8. The variation in the maximum stress values can be explained 
by variable fibre wall thickness, as explained above. In general, a decrease in the 
mechanical strength of samples HTPEG1-HTPEG12 was due to the elimination of 
the skin layer by using PEG as an additive. Nevertheless, all of the samples showed 
extension greater than 87% and could withstand 3 bars of water upstream pressure, 
which makes them good candidates for low pressure filtration processes, such as 
ultrafiltration. 
 
Figure 5.8. Mechanical properties of samples HTPEG7-HTPEG12 
5.5 Conclusions 
Hollow fibres with interconnected bicontinuous structures were obtained 
using TEP as the solvent via a single-step phase separation method during a highly 
controlled phase inversion. SEM images, along with the high mechanical strength 
indicated the desirable interconnected structure of samples produced from 
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PVDF/TEP dope solution. The hollow fibre membranes (HT1-HT3) spun from the 
PVDF/TEP solution did not show any water flux, but revealed excellent mechanical 
properties due to the formation of thick dense skin layers. However, such membranes 
showed significant improvements in water performance, but deterioration in their 
mechanical properties when PEG was used as the additive in the dope solution. A 
large variety of hollow fibres in the range of tight to loose ultrafiltration membranes 
were produced as a result of using different PEG molecular weights (400 Da and 
6000 Da) and spinning parameters. For instance, using the additive PEG 
(Mw≈6000Da) resulted in PVDF membranes with flux of approximately 137 (L.m-
2
.h
-1) and MWCO of 150 kDa, while, PEG (Mw≈400Da) resulted in flux of 
approximately 204 (L.m
-2
.h
-1
) and MWCO of about 200 kDa. The filtration 
performance results of hollow fibre membranes fabricated from the PVDF/TEP/PEG 
system suggested their suitability for water and wastewater applications.  
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CHAPTER 6 Conclusions and recommendations for the 
future work 
6.1 Conclusions 
In this thesis, it has been demonstrated that the suggested method for the 
purification of an amphiphilic copolymer has been effective and can be used for 
industrial production. Furthermore, the hydrophilicity, fouling resistance and water 
permeability of PVDF hollow fibres can be significantly improved using synthesised 
and purified amphiphilic copolymers as a blend in the spinning dope solution and, by 
using the proposed method of grafting alumina particles onto the PVDF backbone, 
the hydrophilicity and performance of the produced PVDF membrane can be 
enhanced. It was also demonstrated that by using TEP as the solvent in the PVDF 
spinning dope solution, hollow fibres with a bicontinuous, interconnected structure 
can be obtained. 
6.1.1 Synthesis, purification and blending the amphiphilic PVDF-g-
POEM with PVDF dope solution 
The suggested method for the purification of the synthesised amphiphilic 
copolymer PVDF-g-POEM and its characteristic results show that this method can be 
used on an industrial scale as it is simpler, more cost-effective and environmentally 
friendly. The results of the hydrophilic PVDF hollow-fibre membranes spun from 
blending PVDF and PVDF-g-POEM indicate that hollow-fibre hydrophilicity, 
fouling resistance and water permeability are significantly improved through the 
addition of an amphiphilic copolymer to the spinning dope solution, whereby finger-
like pores and macrovoids tend to be larger, possibly due to the fact that the presence 
of the hydrophilic branches of the copolymer connect with water and result in a fast-
phase separation. By changing the spinning parameters, the size and presence of the 
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macrovoids changed, but were not eliminated completely. Hollow fibres from dopes 
with higher contents of copolymer showed sphere-like crystals, which caused low 
water flux and low elongation; however, hollow fibres spun from pure copolymers 
did not exhibit any macrovoids due to the absence of the hydrophobic part, i.e. 
PVDF. 
6.1.2 Using basic alumina particles to improve the PVDF hollow fibre 
membrane hydrophilicity and performance 
The results show that the suggested method of blending the PVDF solution 
with nano γ-Al2O3 particles and then adding sulphuric acid according to the proposed 
mechanism could graft alumina particles onto the PVDF chains rather than only 
physical blending them. The improvement in surface hydrophilicity and fouling 
resistance of the prepared membranes could be an indication of the surface 
segregation of the alumina particles. It was demonstrated that some of the physically 
blended particles could be washed away with acid, unlike chemically grafted 
particles. The results also indicated that blending alumina particles with the PVDF 
spinning dope solution according to the suggested method improved the membrane’s 
performance in terms of water permeation and fouling resistance. 
6.1.3 PVDF hollow fibre membranes with bicontinuous interconnected 
structure 
PVDF with a bicontinuous interconnected structure is now being 
commercially produced via the expensive TIPS method, while the production of 
PVDF flat-sheet membranes with the same structure via the impression precipitation 
technique has been reported by using TEP as the solvent. With the suggested method, 
a casted flat-sheet membrane has to be pre-precipitated in the bath containing a high 
amount of solvent (70%) for several minutes, but this method does not seem suitable 
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for hollow-fibre membrane production. The results showed that dope temperature is 
one of the major parameters in membrane production since dope viscosity is highly 
dependent on temperature. PVDF hollow-fibre membranes were fabricated by using 
a PVDF/TEP solution and the results showed that although the spun hollow-fibre 
exhibited excellent mechanical properties due to the formation of dense skin layers, 
no waste flux could be obtained from the hollow fibres. PEG with different 
molecular weights was used as an additive to the spinning dope solution to eliminate 
dense skin layers and improve water permeation. By using PEG as an additive in 
PVDF/TEP solution, the skin layer was eliminated, water permeability improved and 
the bicontinuous interconnected structure remained almost unchanged. 
6.2 Recommendations for future work 
6.2.1 Enhancing the morphology of hydrophilic PVDF membrane by 
eliminating macro-voids 
A systematic study of macrovoid formation due to the presence of the 
amphiphilic copolymer and hydrophobic PVDF could lead to improvement in the 
morphology of the spun hollow fibre by reducing the size of or eliminating 
macrovoids. A more detailed study of the morphology of the fibres spun with pure 
copolymers could be very helpful in understanding macrovoid formation in the 
presence of PVDF. The amphiphilic copolymer has the capability to produces 
micelle which can lead to fabricated fibres with the ability of self-assembly and nano 
structured. Study of the producing such membranes could be useful. 
6.2.2 Hollow fibre membrane with grafted basic γ-Al2O3 particles  
As a successful experiment in fabricated PVDF flat-sheet membranes, it 
would be useful to apply the suggested PVDF-alumina complex solution to spinning 
hollow fibres before characterising the results. The main problem in producing 
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hollow fibre membranes from PVDF/ γ-Al2O3 dope with the same procedure of 
producing flat sheet membranes is more difficult, since the acid washing procedure 
for the hollow fibres is not as easy as for the flat sheet membranes. Designing a lay 
out in which hollow fibres can be produced and acid washed would be useful. 
6.2.3 Improving the performance of PVDF hollow fibres from PVDF/TEP 
solution 
According to the results of the fabrication of PVDF hollow fibres from 
either PVDF/TEP or PVDF/PEG/TEP solutions, this technique seems very 
promising, but there is still room for improvement. Since the viscosity of the 
PVDF/TEP solution is very sensitive to temperature, it could be helpful to design a 
heat jacket for the dope containers during the spinning process. By keeping the 
temperature of the dope solution constant, it may be possible to spin higher amounts 
of the dope solution each time. Moreover, by using a dual-layer spinneret, which 
makes it possible for the outer layer of the hollow fibre to be in touch with a mixture 
of water and solvent, thus preventing a dense skin layer from forming, PVDF hollow 
fibres with enhanced water permeability may be obtained. Using different amounts of 
PEG additives and studying the effect of the amount thereof could lead to the 
discovery of an optimum amount to improve water permeability and using PEG with 
higher molecular weights could lead to improvements in the hydrophilicity of the 
produced hollow fibres. Different additives such as PVP or pore-forming agents such 
as LiCl could lead to produce hollow fibres with high porosity and enhanced 
performance. Finally, using the synthesised and purified amphiphilic copolymer as a 
blend in the PVDF/TEP solution could lead to the production of a hydrophilic, 
fouling-resistant hollow fibre with an interconnected, bicontinuous structure.  
183 
 
List of Publications and conferences 
Journal publications 
M.R. Moghareh Abed, S.C. Kumbharkar, A.M. Groth, K. Li, Economical 
production of PVDF-g-POEM and its use in preparation of hydrophilic PVDF base 
hollow fibre membranes, Submitted to Separation and Purification Technology, 
(2012) 
N. Awanis Hashim, Fu Liu, M.R. Moghareh Abed, K. Li, Chemistry in 
spinning solutions: Surface modification of PVDF membranes during phase 
inversion, Journal of Membrane Science, accepted and available online June (2012) 
M.R. Moghareh Abed, S.C. Kumbharkar, A.M. Groth, K. Li, 
Ultrafiltration PVDF hollow fibre membranes with interconnected bicontinuous 
structures produced via a single-step phase inversion technique, Journal of 
Membrane Science, 407–408 (2012) 145-154 
F. Liu, N.A. Hashim, Y. Liu, M.R. Moghareh Abed, K. Li, Progress in 
the production and modification of PVDF membranes, Journal of Membrane 
Science, 375 (2011) 1-27 
F. Liu, M.R. Moghareh Abed, K. Li, Hydrophilic modification of P(VDF-
co-CTFE) porous membranes, Chemical Engineering Science, 66 (2011) 27-35 
F. Liu, M.R. Moghareh Abed, K. Li, Preparation and characterization of 
poly(vinylidene fluoride) (PVDF) based ultrafiltration membranes using nano γ-
Al2O3, Journal of Membrane Science, 366 (2011) 97-103 
 
184 
 
Conferences 
M.R. Moghareh Abed, Fu Liu, Kang Li, A. Groth. The effects of addition 
of PVDF-g-POEM and spinning parameters on PVDF hollow fibre filtration 
performance, International Congress on Membranes and Membrane Processes 
(ICOM-2011). Amsterdam/ The Netherlands: 2011 (Oral) 
M.R. Moghareh Abed, S.C. Kumbharkar, A. M Groth and K. Li, PVDF 
hollow fibre membranes with interconnected bicontinuous structures produced from 
PVDF/PEG/TEP solutions, accepted for oral presentation in Euromembrane 2012, 
London, U.K. 2012 
185 
 
Appendix A: Polymerisation and purification of PVDF-g-
POEM 
 
A: PCDF/DMAC and POEM mixture before reaction, B: PVDF-g-POEM 
immediately after 20 hours reaction, C: After precipitation in water, D: In water 
during the washing step after two hours, E: After the washing step in a sieve, F: 
before press-drying, G: After press drying, H: During drying under a vacuum and I: 
Dried copolymer ready to be blended with PVDF solution. 
A B C
D E F
G H I
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Appendix B: Spinning setup for hollow fibre membranes 
 
1
2
3
3
4
5
6
7
8
9
10
1. Spinning dope container
2. Internal coagulant container
3. Syringe pump
4. Spinneret
5. As-spun hollow fibre
6. Air gap distance
7. Coagulation bath
8. Solvent exchange bath
9. Winding unit
10. Fibre collection bath
1
2
3
3
4
56
7
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Appendix C: Casting machine for flat sheet membrane 
preparation 
 
Casting Machine: 
Casting knife 
Glass plate 
Speed controller 
  
1
2
3
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Appendix D: Contact angle measurement devices 
A: Sessile drop method 
 
B: Tensiometer 
      
  
Wilhelmy method: 
γlv: surface tension N/m
2 
θ: contact angle (°) 
∆mg: difference between wet and dry fibre weight (N) 
d: fibre diameter (m) 
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Appendix E: Safety Information for methanol and 
petroleum ether 
Methanol 
  GHS02, GHS06, GHS08 
Petroleum ether 
  GHS02, GHS07, GHS08, GHS09 
 
Description Pictogram Hazard class and hazard category: 
Flame 
GHS02 
 
Flammable gases, category 1 
Flammable aerosols, categories 1,2 
Flammable liquids, categories 1,2,3 
Flammable solids, categories 1,2 
Self-reactive substances and mixtures, Types 
B,C,D,E,F  
Pyrophoric liquids, category 1  
Pyrophoric solids, category 1  
Self-heating substances and mixtures, categories 1,2 
Substances and mixtures, which in contact with 
water,  
emit flammable gases, categories 1,2,3  
Organic peroxides, Types B,C,D,E,F 
Skull and 
Crossbones 
GHS06  
Acute toxicity (oral, dermal, inhalation), categories 
1,2,3 
Exclamation Mark 
GHS07 
 
Acute toxicity (oral, dermal, inhalation), category 4  
Skin irritation, category 2  
Eye irritation, category 2  
Skin sensitisation, category 1  
Specific Target Organ Toxicity – Single exposure, 
category 3 
Health Hazard 
GHS08 
 
Respiratory sensitization, category 1 
Germ cell mutagenicity, categories 1A,1B,2  
Carcinogenicity, categories 1A,1B,2  
Reproductive toxicity, categories 1A,1B,2  
Specific Target Organ Toxicity – Single exposure, 
categories 1,2  
Specific Target Organ Toxicity – Repeated 
exposure, categories 1,2  
Aspiration Hazard, category 1 
Environment 
GHS09 
 
Hazardous to the aquatic environment  
- Acute hazard, category1  
- Chronic hazard, categories 1,2 
 
